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ABSTRACT 
This thesis is mainly concerned with structural studies of some 
hydrogen-bonded phosphate compounds (all monoclinic) - namely T1H 2P049 
CsH 2PO4 , NaH 2PO4 and PbHPO4 . 	All these compounds, except NaH 2PO4 , have a 
ferroelectric transition. 	Structural studies of the above compounds have 
been undertaken for the following primary purposes 
to contribute accurate structural information to the understanding 
of the transition mechanism, 
to contribute experimental information about hydrogen bond dimensions. 
Full three-dimensional X-ray and neutron diffraction data from single 
crystals of 11H 2PO4 and CsH2PO4 were collected at room temperature on 
four-circle diffractometers. 	Full three-dimensional neutron-diffraction 
data were also collected from a single crystal of NaH 2PO4 at room temperature. 
The previously unknown structure of T1H 2PO4 has been solved from a 
Patterson map with the X-ray data followed by Fourier difference-syntheses 
with the neutron data. 
Accurate positional parameters of the hydrogen atoms in all the above 
compounds have been determined from the neutron data. 	The symmetry- 
restricted hydrogen bonds of the T1H 2PO4 and CsH2PO4 structures have been 
found to be disordered. 	All the other hydrogen-bonds, including those of 
NaH 2PO49 have been found to be asymmetric. 
The crystal structures of T1H 2PO4 and CsH 2PO4 are closely similar 
the PO 4 groups are linked by hydrogen bonds into puckered sheets perpendicular 
to the long axis of the cell. 	By contrast, the PO 4 groups are H-bonded into 
a continuous network in NaH 2PO4 - rather like monoclinic KD 2PO4 . 
The most extensive study of crystal structure in relation to a 
structural phase transition has been performed in PbHPO 4 . 	Three-dimensional 
neutron-diffraction data were collected at six different temperatures from 
well below to just above the transition. 	The crystal structure (previously 
uncertain) in the high-temperature, paraelectric phase, has been determined. 
It has been shown that the hydrogen atoms are disordered in this phase. 
Then the onset of order of the proton system in the ferroelectric 
phase, and accompanying heavy ion displacements, have been shown to vary 
with temperature very much like the onset of the spontaneous polarization. 
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1.1 	Objectives and Scope 
In order to understand structural phase transitions (for example, 
ferroelectric transitions) at the microscopic level, it is essential 
to know the complete crystal structure in the different phases 
(paraelectric and/or ferroelectric). 	The principal objective of the 
work described in this thesis is to contribute to this area of knowledge. 
In the present study, the crystal structures of several mono-
clinic hydrogen-bonded compounds, T1H 2 PO4 , CsH 2PO4 , NaH2PO4 and PbHPO 4 , 
have been studied. 	All of these compounds, except NaH 2PO4 , have 
ferroelectric transitions. The previously unknown crystal structure 
of T1H 2PO4 has been solved from a three-dimensional Patterson map and 
Fourier difference-synthesis, using full three-dimensional X-ray data. 
As the protons play a very important role in the transition 
mechanism of many of the H-bonded ferroelectric compounds, the positions 
and distributions (eg, possible disorder) of the hydrogen atoms in all 
the above compounds have been determined by neutron diffraction. 
These compounds contain many different symmetry-free and symmetry-
restricted H-bonds, and a second objective has been to contribute to 
experimental information about H-bond dimensions. 
To compare the crystal structures in general, and in particular, 
the hydrogen bonding of the known members of the family of MH 2PO4 
(M = TI, Cs, Naand highly deuterated KD 2PO4 ), a neutron diffraction 
study of the structure of NaH 2PO4 has been included, though it is not 
known to undergo a structural phase transition. 
The most extensive study of crystal structure in relation to a 
structural phase transition has been carried out on PbHPO 4 by neutron 
diffraction at six temperatures from well below to just above the 
transition. 
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1.2 	Hydrogen Bonding 
As, in the present study, attention has mainly been centred on the 
accurate location of the hydrogen atoms, a brief account of the geometry 
of hydrogen bonding will be given here. 
A hydrogen bond can be characterised geometrically by the parameters, 
d, a, 0H' 
 R, 6 and ci as shown in Fig 1.1. 	The most common geometrical 
criterion for hydrogen bonding is that the distance a (acceptor distance) 
should be smaller than the sum of the Van der Waals radii of the hydrogen, 
H, and acceptor atom, V. 	The present study is concerned only with the 
0-H ... 0 type of hydrogen bonds. 	It has been suggested by Brown (1976) 
that hydrogen bonds can be classified into two groups, depending on 
whether their length, R, is large or small-. for 0-H . 
	
0 bonds, 
R < 2.73 A is a "short" hydrogen bond, while R > 2.73 A is "long". 
All long hydrogen bonds are asymmetric. 	In symmetric hydrogen bonds 
the hydrogen atom is located at the centre of the bond whether this is 
required by the crystallographic symmetry or not. 	On the other hand, 
using experimental results from neutron diffraction, Pimentel and 
McClellan (1971) have divided the whole range of 0-H ... 0 hydrogen 
bonds into three regions 
0 
R > 2.54 A 	 all asymmetric 
R between 2.54 A and 2.47 A 	 asymmetric or symmetric 
R< 2.47 A 	 all symmetric 
This grouping is not entirely satisfactory either, because in many 
substances hydrogen bonds with R < 2.47 A are found to be asymmetric 
(Thornley, Nelmes and Rouse, 1975; Dickens, Prince, Schroeder and 
Brown, 1976; Dickens, Bowen and Brown, 1971aand Kvick, Koetzle, 
Thomas and Takusagawa, 1974). 	It is, therefore, difficult to draw any 
sharp distinction between the symmetric and asymmetric hydrogen bonds. 
On the basis of symmetry considerations, hydrogen bonds can be 
divided into two groups, namely symmetry-restricted and symmetry-free 
(Catti and Ferraris, 1974). 	In symmetry-restricted hydrogen bonds, the 
hydrogen atoms are  found on both sides of the crystallographic symmetry 
element, and they are symmetry related. 	In symmetry-free hydrogen 
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Fig 1.1 	Geometrical hydrogen bond parameters 
R = hydrogen bond distance 
a = acceptor distance 
d = donor distance 
= donor angle 
a = acceptor angle 
= hydrogen bond angle 
bonds, symmetry elements are not at the centre of thehydrogen bonds. 
Considering the location of the hydrogen atom in the bond ; symmetry-
free hydrogen bonds can be classified as : symmetrical, quasi-
symmetrical and asymmetrical. 	In quasi-symmetrical hydrogen bonds, 
the hydrogen atoms are located very near to the centre of the bond. 
For example, in potassium hydrogen chloronialeate, the two distances, 
0 	 Q 
0-H and H ... 0, are 1.199(5) * A and 1.206(5) A respectively (Olovsson 
et al, 1976). 
If there is a centre of symmetry (in symmetry-restricted H-bonds) 
at the mid-point of the 0 ... 0 bond, there are two ways the hydrogen 
atom can satisfy the heavy atom symmetry. 	It may either be situated 
exactly at the centre of symmetry or can be in a disordered symmetric 
bond with half a hydrogen on either side of the symmetry element 
(ie, 0 - 	- H - 0). 	In the latter situation, 50% of the bonds in 
the structure are of type 0-H ... 0 and 50% of type 0 ... H-0. 	In 
the case of the symmetry-free hydrogen bond, the statistical dis-
tribution of the disordered hydrogen atom on both sides of the mid- 
point of the bond may be different from 50%. 	This type of disordering 
has been investigated in KHCO 3 and KDC0 3 by Tellgren (1975). 	The 
refined occupation factors for the two disorder sites were found to be 
80% and 20% in KHCO 3 , and 88% and 12% in KDCO 3 . 	In PbHPO4 , the 
distribution of a disordered hydrogen atom at two sites (as a function 
of temperature) has been studied in great detail (Chapter 7). 
Using accurate values of the hydrogen bond parameters from 
neutron diffraction, Hamilton (1962) has established correlations between 
R and 0H'  and a and R. 	
Before the introduction of the neutron- 
diffraction method to determine accurate hydrogen positions, it was 
generally assumed that almost all hydrogen bonds were linear 	= 1800 ). 
This assumption is now no longer valid for all hydrogen bonds, and the 
angle decreases from 1800  for very short hydrogen bonds to about 1300 
for the longest one (Megaw, 1973, p 344; and Brown, 1976). 
Hamilton (1962) has established an empirical relationship between the 
hydrogen bond distance R and angle e 
  
which is valid only for 
asymmetric hydrogen bonds. 
* Numbers in parentheses here and throughout this thesis for structural and 
thermal parameters of the crystals are the estimated standard deviation 
(esd) in the least significant digits. 
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OH(OH ... 0) =[277.7 - 40.08R(0 ... 0)1 0 	 (1.1) 
This equation can be used to predict the hydrogen bond angle 0H  with 
a standard deviation of less than 6 0 . 
To establish the correlation between the donor distance, d, and 
the hydrogen bond distance, R, Hamilton (1962) examined the relationship 
established by Pimentel and McClellan (1960), using 22 asymmetric 
hydrogen bonds measured by neutron diffraction, and proposed the 
following relationship between them 
0 
d(0-H) 41.574 - 0.2145R(0 ... 0)] A 	... (1.2) 
Hamilton (1962) has reported that the equation (1.2) is valid only for 
hydrogen bonds with 2.49 < R < 2.90 A. 	The predicted donor distance, 
d, had a standard deviation of about 0.03 X . 	In some cases,however, 
discrepanices were found. 	The discrepancy noted could be attributed 
to not correcting the bond length for thermal motion. In general, the 0-H 
distance increases when the 0 ... 0 distance is decreased, and H ... 0 
distance decreases, with increasing 0-H distance (Fig 1.2). 
1.3 	Ferroelectricity and Related Phenomena 
All crystals can be placed in one of the 32 point groups; 11 of 
these are centrosymetric. 	The remaining 21 point groups do not have 
a centre of symmetry, and in crystals belonging to any of these point 
groups, except one,432, the centres of the positive and negative 
charges can be separated by applying a mechanical stress. 	The 
crystal is then said to be polarised, and this phenomenon is called 
piezoelectri city. 
Ten of the 20 piezoelectric point groups have a 	polar axis, 
and a crystal with one of these groups is called polar. Without 
applying any electric field or mechanical stress in these crystals, 
a so-called spontaneous polarisation, P S9 may be present. 	The 
magnitude of P 5 changes with temperature and these crystals are therefore 
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Fig 1.2 	Correlation between hydrogen bond parameters 
d(O-H) versus a(H ... 0) 
d(0-H) versus R(0 .,. 0) 
(After Olovsson and Johnsson9 1976 , p411 
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cannot generally be reversed by applying an electric field. 
A ferroelectric crystal is a pyroelectric, in which the polarization 
can be reversed or reoriented by applying a sufficiently large electric 
field in the appropriate direction for a relatively short time. 	The 
electric field can reverse the polarization by making a small relative 
displacement of the atoms in the crystal. 	When a ferroelectric 
crystal is heated, at a certain temperature it loses its spontaneous 
polarization, and this temperature is called a transition temperature, 
Tc 	The state of the crystal above the transition temperature is 
called the paraelectric phase. 	In addition to the polarization, a 
ferroelectric crystal also possesses anomalous elastic and 
calorimetric properties. 	The dielectric properties are the 
distinguishing properties of ferroelectric crystals, and other 
anomalous properties can be accounted for in terms of dielectric 
anomalies. 	A direction in the crystal along which the spontaneous 
polarization vector points is called a ferroelectric axis. 
Ferroelectric properties have been discovered in a considerable 
number of hydrogen-bonded compounds. There are two main reasons for 
ferroelectricity in this type of compound (Hamilton and Ibers, 1968). 
The covalent X-H bond, and hence the X-H ... V bond, is very 
polar. 	An ordering of these dipolar bonds in a pyroelectric 
crystal class may result in a spontaneous polarization. 
Sometimes, the polarization reversal is associated simply with 
a movement of hydrogen atoms from one side of the hydrogen bond 
to the other (ie, proton transfer; 0-H ... 0 - 0 ... H-0). 
This can be found in ferroelectric KH 2PO4 . 
Although ferroelectric crystals can have differing characteristic 
features, there are some properties which are found to be common to 
almost all ferroelectrics. 	For example, 
All the ferroelectric materials have a permanent electrical 
pol an zati on. 
The magnitude of the permanent polarization decreases with 
increasing temperature until finally at the transition 
temperature, it disappears. 
The behaviour of the dielectric constant with temperature 
above the Curie-temperature is usually described by the Curie-
Weiss law. 
(0) 	= A+ 	
C 	 ... (1.3) 
I - T 
whereC is the Curie constant and T 
0 
is the Curie-Weiss temperature 
which may be different from T. 	A is a temperature-independent 
(finite value) factor, and can usually be neglected. 
As can be seen from the above equation (1.3), the dielectric 
constant rises to a very high value when the temperature comes close 
to T0 . 	In certain ferroelectric compounds which undergo a phase 
transition of second order (see below), T o 
 practically coincides with 
T 	
but in others, it does not. 
1.4 	Structural Phase Transition 
A phase of a solid is characterised by its structure. 	By 
changing temperature or pressure, the atomic arrangement of the 
crystal may be changed without any change in chemical composition. 
The difference in crystal structure on eithe r side of this phase 
transition may be large or small. 	The type of change in structure 
can be considered as falling into two groups 
	reconstructive and 
displ aci ye. 
Reconstructive transitions are those in which the structure of 
a phase is completely disintegrated into small units at the transition 
temperature, and a new one constructed from the small units. 	In this 
type of transition, a large change in the geometry of the crystal 
structure is observed. 
Displacive transitions are those in which the atoms are displaced 
by small amounts-. (compared with a unit cell dimension) relative to 
neighbouring atoms, and hence no breakage in the original bondings are 
observed. 	The displacement of atoms in this type of transition is 
so small in a defined direction that the new structure may easily be 
derived from the old one. 
The change in structural parameters may be continuous or dis-
continuous. 	When the structural parameters (and some physical properties) 
change discontinuously, the transition is called first order. 	If 
these changes are continuous however, the transition is called second 
order (Fig 1.3). Sometimes a transition is described as "nearly second 
order" in that the static dielectric constant e(0) (see below) rises 
to a very high value (several thousands) but is still finite and ex-
hibits adiscontinuity when the transition takes place. 
The first and second order phase transition can also be explained 
in terms of the order parameter, (Landau and Lifshitz, p  424, 1969). 
If Ti -'- 0 from some finite value abruptly, the transition will be of 
first order. 	If r -'- 0 from some finite value continuously, the 
transition will be of second order. 	In phase transitions of ferro- 
electric crystals, one or more than one order parameters may be 
involved. 	When a single order parameter (le, spontaneous polarization) 
is associated with the phase transition, the crystal is called a 
proper ferroelectric. 	This parameter is sometimes referred to as 
the primary order parameter. 	Any additional induced order parameter 
is called a secondary order parameter. 	For example, in BaTiO 3 
the spontaneous polarization is the primary order parameter whereas 
the strain is the secondary one. 	Certain transitions involve order 
parameters where the spontaneous polarization is a secondary order 
parameter (Dvorak, 1970) appearing subordinately as a result of a 
coupling with other parameters. 	Such substances are called 
improper ferroelectrics. 
A transition in which the structure of the low-temperature phase 
may be derived from that of the high temperature phase is sometimes 
called pseudo-symmetric. 	In pseudo-symmetric phase transitions, the 












































Fig 1.3 	Typical temperature dependence of the spontaneous polarization 
for 
(a) a first order transition; (b) a second order transition 
phase move into a general position in the low temperature phase, and 
this destroys certain symmetry elements. 
Since the discovery of disordering of the hydrogen atoms in 
KH2PO4 by a neutron-diffraction method (Bacon and Pease, 1953, 1955), 
a considerable number of hydrogen-bonded compounds have been 
examined by this method. 	It has now been fully established that 
the phase transition in a hydrogen-bonded compound is usually 
associated with ordering of the disordered hydrogen atom. 	The 
phase transition in ferroelectric crystals involves not only the 
ordering of the disordered hydrogen atoms but also the deformation 
of the atomic groups of type ,S0 4 2 , Se04 
-2  and PO4 	
. 	At 
sufficiently high temperatures, thermal agitation might break down 
the ordering of the dipolar molecules to produce a random structure 
with no net spontaneous polarization, and compounds will no 7 longer 
be ferroelectric. 
The difference between displacive and order-disorder transitions 
becomes uncertain when the site separation of relevant disordered 
atoms becomes comparable with the mean thermal amplitude of these 
atoms. 	In general, many hydrogen-bonded ferroelectrics have 
clearly order-disordered transitionswhile other compounds like 
double oxides such as BaTiO 3 are generally held to have displacive 
transitions. 	However, the distinction between these two types. 
of transition is not drawn as sharply as it once was. 
Although several theories have been proposed in the past few 
years, a more general and important approach to the theory of phase 
transitions was proposed by Cochran (1960) based on the Lyddane-
Sachs-Teller formula, sometimes called the LST relation (Lyddane, 
Sachs and Teller, 1941). 
2 
- c(0) 
(OT 0 - Ee) 
(1.4) 
where WTO  and  WLO  are the frequencies of transverse and longitudinal 
optic modes respectively, c(oo) and c(0) are the high frequency and 
static dielectric constants respectively. 	This LST relation 
predicts an anomaly in the lattice vibrational spectrum of ferro- 
electrics at the transition temperature (Frolich, 1949). 	In a 
ferroelectric crystal, whenever E(0) is observed to have a very 
high value, w- becomes very low. 	In a second order phase transition, 
c(0) follows the Curie-Weiss law, ie, c4 	(T - T0 ); and as the 
transition temperature is approached (from above or below), E(0) 
diverges and WTO  becomes zero. 	The phase transition of ferroelectric 
crystals then could be regarded as an instability of the crystals for 
a particular normal mode of vibration, often referred to as the soft 
mode. 	In the case of a first order phase transition, WTO  does not 
become zero at the transition temperature. 
When deuterium atoms are substituted for the hydrogen atoms in 
hydrogen-bonded compounds, the structural parameters and some physical 
properties are changed. 	This isotope effect plays an important role 
in the ferroelectric phase transition. 	Although Slater (1941) 
proposed a successful theory of a phase transition using the crystal 
structure of KH 2PO4 (West, 1930), the isotope effect on the transition 
temperature could not be explained. 	Many attempts were made to explain 
the large isotope effect on T   of KH2PO4 (T c (D) - Tc(H) = 1070 K) 
without much success (Pirenne, 1949 and Reid, 1959), until in 1960 
when Blinc explained it in terms of the tunnelling of protons in a 
double potential well. 	His theory was in good agreement with experimental 
results. 	Since then a considerable amount of work has been done in 
the past few years to study this effect on T c and on some other crystal 
physical quantities (Kaminow, 1965; Loi;acono, 1973; Loiacono, Balascio 
and Osborne, 1974 ; and Samara, 1973). 	The transition temperature 
increases monotonically with increasing % of D in ferroelectric crystals. 
1.5 	Outline of the Thesis 
The present work can be broadly divided into two sections. 
Section A consists of structural studies of monoclinic dihydrogen 
phosphates, MH 2PO4 (M = Ti, Cs, Na ; and highly deuterated KD 2PO 4 ) 
whereas Section B deals with the monoclinic monohydrogen phosphate, 
PbHPO4. 
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Since the discovery of ferroelectricity in KH 2PO4 (Busch and 
Scherrer, 1935), a considerable amount of theoretical and experimental 
work has been done, particularly on the dihydrogen phosphate family 
for the understanding of the phase transition mechanism. 	From the 
structural information available so far on the compounds of type 
MX2AO4 (N = Na, K, Rb, Cs, NH  or Ti; X = H or D and A = P or As), 
almost all the members of this family are found to crystallize 
either in a tetragonal or monoclinic form at room temperature. 
Although the crystal structures of most of the tetragonal dihydrogen 
phosphates have been extensively studied, not much attention has been 
paid to the monoclinic dihydrogen phosphates. 	Therefore, in the 
present study, attempts have been made to study the three-dimensional 
crystal structures of the monoclinic dihydrogen phosphates, T1H 2PO4 , 
CsH 2PO4 and NaH 2PO4 . 
In Chapter 2, a brief account of some of the methods of the 
crystal structure determination are presented. 	Some possible 
experimental errors in X-ray or neutron diffraction data which affect 
the validity of the derived geometry of the structure are discussed 
in brief. 	General aspects of data collection, data reduction and 
least-squares refinement are also described in this Chapter. 
In Chapter 3, a detailed solution of the crystal structure of 
T1H 2PO4 , using a Patterson map and Fourier difference-synthesis, 
from X-ray and neutron data collected at room temperature is given. 
The complete three-dimensional crystal structure of T1H 2PO4 has been 
refined by the least-squares method both from X-ray and neutron data. 
Structural studies of CsH 2PO4 using three-dimensional X-ray and 
neutron data are presented in Chapter 4. 
Chapter 5 deals with accurate location of hydrogen atoms in 
NaH2PO4 from room temperature neutron data. 
In Chapter 6, comparative studies of the crystal structures 
of all the monoclinic: dihydrogen phosphates, MH 2PO4 (M = Tl, Cs, Na 
and highly deuterated KD 2PO4 ) are presented. 	The monoclinic 
structures are also compared with the tetragonal KH 2PO 4 structure. 
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For the understanding of the phase transition mechanism in 
PbHPO49 extensive structural studies of this compound both in the 
paraelectric and the ferroelectric phases (at various temperatures) 




METHOD OF STUDY 
2.1 	Introduction 
X-ray and neutron diffraction methods were used in the present 
structural investigations of crystals. 	These two methods are identical 
in so far as they are based on the same basic principle - scattering 
of incident radiation or particle waves by centres whose separation is com-
parable with the wavelength of the incident radiation. 	Almost all 
the theories and fundamental concepts of X-ray diffraction are applied 
to neutron diffraction because the diffraction mechanisms of these 
radiations are almost the same. 	However, there are some essential 
distinctions (see below) between these two methods as a consequence of 
which each of these has a specific field of interest. For example 
The X-ray method, in principle, gives the time-averaged electron 
density whereas the neutron method yields the time-averaged 
nuclear scattering density, in the unit cell of a structure. 
Maxima of these scattering densities are identified with the 
position of the nuclei. 	In the case of X-ray diffraction, this 
approximation, however, is not always valid for light atoms such as 
hydrogen. 
For X-rays, the scattering power of atoms varies as a function 
of theatomic number, being higher for heavier atoms whereas for 
the neutrons the scattering amplitudes vary in relative magnitude 
mostly within a factor of 3. 	It is, therefore, advantageous to 
use the neutron method for more accurate location of hydrogen 
atoms, for example, in hydrogen-bonded compounds such as ferro-
electrics. 
The atomic X-ray scattering factors (f) decrease with increasing 
sin o/x , and this decrease is more pronounced for the lighter 
atoms. 	The nuclear scattering amplitudes, on the other hand, 
can be considered as constant with scattering angle (or sin 0/A). 
Thus, it is easier to collect more accurate high-angle data using 
13 
neutrons. 	This is required for studying the small atomic 
displacements and to distinguish between disordering and 
pronounced thermal motion in ferroelectric crystals. 
(d) The accuracy in the 
affected due to the 
factors, but the th 
estimated with more 
point scatteres for 
X-ray thermal parameters of atoms may be 
inadequacy of the free-atom scattering 
rmal parameters from neutron data can be 
confidence because all the atoms act as 
a neutron beam. 
Although neutron diffraction has many advantages over the X-ray 
method, it has some drawbacks also. 	For example, 
In general, very small crystals are used for X-ray diffraction 
while comparatively large crystals are required for neutron 
diffraction, and these are difficult to grow for many compounds. 
A nearly monochromatic X-ray beam of high intensity can be 
easily obtained from an X-ray tube because of the presence of 
the characteristic lines (see Section 2.5) whereas the neutron 
beam has a Maxwellian distribution with no sharp peaks. 
If a crystal contains heavy atoms, it may be difficult to solve 
the crystal structure from the neutron data, whereas from X-ray 
data, it becomes easier. 
From the practical point of view (ie 9 availability of equipment 
and expenses), the X-ray method remains the most common method 
for structural investigations of compounds. 
Considering the superiority of the neutron method over the X-ray 
method for studying hydrogen-bonded compounds, the former method 
has been used to locate the hydrogen atoms accurately following 
preliminary X-ray studies (for T1H 2PO4 and CsH2PO4 only). 
2.2 	Structure Factor 
In X-ray/neutron diffraction experiments, the intensity 1(H) of a 
Bragg reflection is measured, and is related to a quantity known as 
the structure factor F(H) by the expression 
1(H) 	= C(H) F(H) F ( H ) * 	 ... (2.1) 
where H = (ha* + kb* + 5,c*) is a vector of the reciprocal lattice 
(a 	b 	c 	are reciprocal cell constants and h 9 k 9 £ are the Miller 
indices), C(H) is a known quantity involving some physical constant 
and geometrical factor (see Section 2.8) and F(H) is the complex 
conjugate of the structure factor F. 	The structure factor is related 
to the density of matter in the unit cell by the equation 
F(H) 	= 	I 	p(r) exp(2rri H . r)dr 	... (2.2) 
unit cell 
where p(r) 9 the scattering density at position r in the unit cell, 
is defined in a way characteristic of the radiation used. 	Since the 
structure factor is a complex quantity, it can be written as 
F(H) = A(H) + iB(H) 	 . 	(2.3) 
where 	A(H) = fp(r) cos(2irH . r)dr 	 ... (2.4) 
unit cell 
B(H) 	= fp(r) sin(2irH . r)dr 	 ... (2.5) 
Thus, it is clear from these expressions that a phase angle q(H) 9 is 
associated with the structure factor 
B(H) 
= tan 	A(H) 
(2.6) 
The X-ray and neutron structure factors for an ideal crystal, with 
atoms at rest, can be written as 
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N 
F(H) =Z(t!.) exp(2iriH . r) 
	




F(H) = 	E 	b. exp(2'iiiH . r.) 
	
(2.8) (for neutron) 
j=l 
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where f and b are an atomic scattering factor and a nuclear scattering 
amplitude respectively for the jth atom in the unit cell at the position 
r., and N is the total number of atoms in the unit cell. 
When a crystal is at a temperature, 1, the presence of thermal 
motion causes a redistribution of the scattered intensity, and this 
gives rise to a modification of the structure factors (2.7) and (2.8) as 
N 
F(H) 	= E 	f.(H) exp(27riH . r.)T.(H) 	 ... (2.9) 
	
j=1 3 3 
N 
F(H) 	= E 	b. exp(2iriH , r.)T.(H) 	 ... (2,10) 
j=l 33 
in which T(H) is the temperature factor of the jth atom. 
If all the atoms are vibrating with isotropic harmonic motion, T(H) 
can be written as 
______ 	 sin 0 sin 0  
T(H) = exp [8r2U ( 	)2 = exp [-B ( 	
)2] 
(2.11) 
where B is a constant for each atom in the structure at a given 
temperature, ii is simply the mean-square amplitude of the vibration 
of the jth atom in the direction of H from its equilibrium position. 
In case of an anisotropic thermal vibration of the jth atom, 
equation (2.11) can be written as 
T(H) = exp [2ir 2 (h 2a*2U 11 + k2b*2U22  + ... + hka* b*U 12  + ... )] 
(2.12) 
The anisotropic thermal vibration for each atom (in a general position) is 
represented by the six components of U : U 11 , U22 , U, U 121 U 13 and 
U23 which define the principal axes and direction cosines of an ellipsoid 
in reciprocal space. 	An atom in some special positior8 has less than six 
The temperature factors, throughout the thesis, have been defined by the 
expressions (2.11) and (2.12) 
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components. 	For example, the atoms on mirror- 	 Planes have 
only four components of U (ie 9 U 119 U229 U33 and U23 ). 	The same number 
of components are considered if the atoms are on a two-fold axis. 
- 	 -. 
 
However, an atom on a centre of 
inversion has all six components of U (Rollett and Davies, 1955; 
Trueblood, 1956; Lipson and Cochran, 1968; and Willis and Pryor, 1975). 
2.3 	Patterson Function 
If the magnitudes and phases of the structure factor, F(H), are 
known (for a sufficient number of terms) then scattering density and 
hence a knowledge of the locations of the scatterers within the unit 
cell can be obtained by the equation 
P(r) = V 	E 	F(H) exp(-27riH . r) 	 .(2.13) 
h 9 k,2.=-co 
where V is the volume of the unit cell. 
Unfortunately, in the X-ray/neutron diffraction experiments, the 
'integrated intensities only are measured, which are proportional to the 
squares of the amplitude of the structure factors. 	The main difficulty 
in structural investigations of 	crystals is to determine the phase. 
If a few very heavy atoms are present in a crystal, it is possible to 
determine the phase easily using a Patterson method (from X-ray data), 
The coordinates of the heavy atoms may be obtained from this method, and 
if the relative scattering power of the heavy atom is sufficiently great, 
approximate values for the phases can be found from the coordinates, 
Patterson (1934) discovered that the Fourier series, 




E	F(H) F(H)*  cos(27rH . r) 	,,, (2,14) 
h 9 k 9 ,=-co 
which is related to the series for p(r) (but calculated from the 
observed quantities) is equal to 
P(r) = v 	f 	p(u)p(u + r)du 	 ... (2,15) 
unit cell - - - - 
P(r) is the product of electron density functions (using X-ray data) 
integrated over the complete unit cell, and represents all the inter-
atomic vectors translated to a common origin of the vector map 
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(Patterson map). 	The Patterson function P(r) is also called the 
auto-correlation function for the electron density. 	From the 
experimentally measured quantity IF012 (observed structure amplitudes 
squared), this function is calculated. 
For a crystal which has a centre of symmetry, phase determination 
is greatly simplified, as the only two possible phases are either zero 
or ir. 
In the present study, the Ti and P atoms of T1H 2PO4 (Chapter 3) 
have been located using this method. Some relevant characteristics 
of the Patterson function will be given here. 
As there is a definite relationship between p(r) and P(r) 
(equation 2.15), the peaks in the electron density function 
can be related to the peaks in the Patterson function. In 
the electron density function, the locations of peaks correspond 
to the centre of atoms in the crystal structure. 	These peaks 
are located with respect to some chosen origin in the unit cell 
by means of vectors rm , rn , 	... . 	The atoms at the ends 
of these vectors may be designated by m, n, p .. respectively. 
For every possible pair of peaks in the electron density function, 
such as m : n, m:: p, n : p, there will be one peak at 
... , where -mn = 	- 	 = 	
- 
R
np =r—p -r —n 
 ;.. 
—  
Patterson functions are centrosymmetrical because Rmn = 	nm' 
If there are N atoms in the unit cell, the total number of 
Patterson peaks will be N 2 where N peaks will be coalescent at 
the origin. 	Thus, there will be only N(N - 1) non-origin 
Patterson peaks, which will be distributed throughout the unit cell. 
To each non-origin Patterson peak (at, say 	there correspond 
two atoms (m and n) in the crystal structure. The weight of the 
Patterson peak depends on the number of electrons in the atoms between 
which the vectorsoccur and is proportional to the product of their 
atomic numbers. 	If there are two atoms of atomic number Zm  and  Z  
the weight of the Patterson peak will be proportional to Z m Zn 
(Lipson and Cochran, 19689 p 165). 	A proportionality constant c' 
is also needed to relate a particular Patterson peak to the corres-
ponding product of atomic numbers, and this can be obtained from the 
origin peak. 
The weight of the origin peak will be 
N 
P(000) 	= c' 	E 	Z 	 ... (2.16) 
i=l 
and the weight of the non-origin peak will be 
mn = 	' Zm z 	 ... (2.16a) 
As the height of a Patterson peak is also directly proportional 
to the product of the atomic numbers of the two atoms, m and n, the 
height of the Patterson peak can be estimated as 
- ZZ 
H 	- 	 H 	 ... (2.17)
Z. 
i=1 
where H0 is the height of the origin peak. 
2.4 	Fourier Difference-Syntheses 
Once the heavy atoms are located from the Patterson function, 
Fourier difference-synthesis can give the positions of the other 
light atoms. 	Missing atoms in the partially known structure may be 
easily located by the appearance of some peaks in the Fourier difference 
map, 	Nowadays, Fourier difference techniques are usually applied for 
determining the hydrogen atom positions in hydrogen-bonded and other 
substances. 	This method can also be used to locate the light atoms 
fora structure which contains some very heavy atoms, for example 
in the determination of oxygen atom positions in T1H 2 PO4 (Chapter 3). 
If the positions of all relatively heavy atoms are known, the 
scattering density for the light atoms can be obtained from 
= 	 id {F - Fc} exp(-2 	H . r) 	 ... (2.18) alight 	
H 
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For a centrosymmetric structure, the above equation can be written as 




where F0 is the observed structure amplitude and F c is the calculated structui 
factor. 	If the observed structure amplitudes and approximate phases 
obtained from the heavier atoms are used in the Fourier summation, the 
scattering density map indicates positions for the lighter atoms as 
positive or negative density peaks. 
This method has been applied in locating the hydrogen atoms in most 
of the compounds of the present study. 
2.5 	Sources of Monochromatic X-Ray and Neutron Beams 
X-Rays 
Intense X-ray beams are readily obtained from the characteristic 
line spectra of, for example, a molybdenum or copper target. 	The X-ray 
spectrum consists of a broad band of continuous (white radiation) together 
with a number of discrete emission lines (Fig 2.1). 	The white radiation 
has a well-defined minimum wavelength, and can be estimated as X m j n = 
12.34/VA where V 0 is the voltage applied (in kV). 	The maximum intensity 
of the white spectrum occurs at a wavelength ",2X min* 	
For structural 
studies of single crystals, Ka radiation (Fig 2.1) is usually used. 	The 
Ka radiation can be obtained by using (i) detectors with energy-discriminator: 
or (ii) -filters or (iii) balanced filters or (iv) monochromators. 
Neutrons 
The neutrons for structural investigations of crystals are obtained 
from a nuclear reactor. 	The neutrons come to thermal equilibrium with 
the moderator when im v2 =- kBT, and have a Maxwellian energy spectrum 
(see below). 	The flux of thermal neutrons emerging from the nuclear 
reactor in the wavelength range X to X + dX is proportional to 
exp {-h2/(2mn k8TX 2 )} dA 	 ... (2.20) 
where kB is Boltzmann's constant, h is Planck's constant and mn  is the 














The intensity versus wavelength distribution 
for the neutron beam emerging from a nuclear reactor, 
indicating the band of wavelenqth selected by a 
monochromatOr (after Bacon, 1975, p 4). 
from an X-ray tube (a Cu target) at 35keV which gives 
intense lines of characteristic radiation 
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mass of the thermal neutron (at temperature T). 	If the neutron flux 
per unit range of A is plotted as a function of wavelength, the total 
number of neutrons per second in wavelength dx is given by the shded 
area in Fig 2.1. 	This spectrum has a maximum value at A 	1.14 A. 
For neutron-diffraction experiments, a monochromatic neutron beam 
containing only a small range of wavelength is needed. 	A large single 
crystal is used to reflect a portion of the neutron spectrum of width 
at least of the order of a few percent of the selected wavelength in 
order to get a sufficiently intense monochromatic neutron beam. 
The spread of wavelength in the reflected neutron beam is produced by 
two factors - divergence of the incident, beam and mosaic spread of the 
monochroniator crystal. 	The material of a single crystal chosen to 
monochroniatise the neutron beam should contain nuclei which have very 
small nuclear absorption for neutrons, negligible incoherent scattering 
and fairly large coherent cross section. 	The crystal should have a 
symmetrical rocking curve and large inter-planar spacing. 	Different 
crystals were used to get the desired wavelengths for the structural 
studies described in the present thesis. 
A monochrornator gives not only the required radiation of a wave-
length A, but also some narrow harmonic bands 	... reflected 
by the crystal in the second, third, ... orders, which are undesirable 
for our purpose. 	Therefore, efforts were always made to avoid or 
minimise the higher-order contamination by choosing a proper reflecting 
plane of a monochroniator. 
In Fig 2.29 	:s 	-• shown how to get the monochromatic 
neutron beam from the nuclear reactor for the diffraction experiments. 
There is a gas of neutrons at a certain temperature which escapes from 
the walls of the reactor vessel in all directions. 	The neutron beams 
can be taken out through - collimators 	primary and secondary 
collimators. 	The vertical divergence of the beam can be limited 
by adjusting the vertical dimension of the beam at the crystal and 
the distance from the source. 	The secondary collimators are used to 
restrict the angular divergence and define the direction after the 







Fig 2.2 	A schematic diagram of a neutron diffraction assembly. 
(After Arndt and Willis,1966 9 p 200) 
2,6 	Apparatus 
Preliminary single crystal investigations of all the compounds 
of the present study were made by X-ray photographic methods, normally 
employing the Weissenberg Camera, to check the diffraction symmetry 
and crystal quality before any diffractometric study. 	For detailed 
structural studies of the compounds, three-dimensional X-ray or 
neutron data were collected on computer-controlled four-circle 
diffractonieters in automatic mode. 
(a) Neutron Diffractometers 
A typical four-circle diffractometer is shown schematically in 
Fig 2,3(a). The term 'four-circle' refers to the number of rotational 
motions available. 	The main axis of the instrument is formed by 
two concentric shafts. 	The outer one carries a BF  counter, the 
position of which is measured by 2 0 and the inner one connects to 
the assembly of the diffractometer whose angular position about the 
vertical axis is recorded as w. 	The counter rotates about a 
vertical axis so that the plane containing the incident and diffracted 
beam is always horizontal. 	The crystal orientation is determined 
by the three Eulerian angles, 	x and w (Goldstein, 1969 9 p 107) 9 
and these angles are set to measure the Bragg intensity of the crystal. 
The x-rotation is about the vertical circle and the -rotation is about 
the axis of the crystal support. 	Practically, there are four 
rotations which can be achieved either manually or automatically, and 
mechanical operation can be programmed on a magnetic tape to provide 
the necessary sequence of crystal motions to permit the desired 
reflections to be scanned. 	Each shaft can be stepped in 0,010  steps 
except the detector shaft which can be stepped in 0,02 0  steps. 
All four-circle diffractometers are based on normal beam 
equatorial geometry (Fig 2.3(b)). Two types of diffractometers were used 
in the present study - the Mk II in the PLUTO reactor and the Mk VI in 
the DIDO reactor at A.E.R.E, Harwell. 	These diffractometers were 
similar in principle but there are some differences in construction, 












W Rotation 	- 
28 Rotation 
Fig 2.3(a) 	A typical four-circle diffractometer. 	The counter rotates about 
the 20 axis in one plane (horizontal) and the crystal may be 
orientated in any way by the three axes of rotation 	x and w. 





(b) 	 - 
IncidenT 
beam 
Fig 2.3(b) Normal beam equatorial four-circle geometry. 	The crystal is 
mounted on a goniometer head to the -axis; the -circle 
moves around the vertical x-circle and the q-X assembly rotates 
as a whole about the vertical w-axis. 	The detector moves in the 
horizontal plane and the incident beam is normal on the crystal 
oscillation axis . 	The detector moves about the 20 axis which is 
parallel to and independent of the w-axis. 
(After Arndt and Willis, 1966 9 p 8) 
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more ponderous. 	The Mk II is used either for high temperature or 
room temperature experiments whereas the Mk VI is used for low or 
room temperature experiments. A single-crystal neutron-diffractometer, 
D8 9  at I.L.L Grenoble, was also used for low and high temperature 
data collection on PbHPO4 (Chapter 7) 	It has the same principles 
of operation and construction as the Mk VI and Mk II at Harwell. 
X-Ray Diffractometer (CAD-4) 
The geometry of the CAD-4 differs somewhat from the classical 
four-circle diffractometer (Fig 2.3). 	CAD-4 is based on Kappa (K) 
geometry. 	A schematic diagram of the CAD-4 is shown in Fig 2.4. 
The K-axis replaces the Eulerian cradle as a consequence of which 
the ui-axis can make a full 3600  rotation. 	Moreover, a considerable 
part of the upper hemisphere is free to adopt accessories such as a 
low temperature system etc. 	A reflection occurring at setting 
angles 	u q and x of a conventional instrument can be found with 
a Kappa goniometer at 	setting angles 	* and K where 
= q* + 	= w + 	and sin ( - ) =sin (L) 	sin a 
where A = tan 	[tan ( 
K
- ) . cos a}(a = 500 here) 
(see CAD-4 Manual, 1977). 
A very important part of the CAD-4 is the Kappa goniometer. 
It carries the goniometer head which keeps the crystal in the centre 
of the diffractometer. 	The Kappa goniometer consists of a combination 
of three parts, bearing the rotation axes. 	Like the conventional 
diffractometer 9 all the axes intersect in the centre of the 
diffractometer. 	The goniometer head is mounted on the -axis, 
which is supported by the Kappa-block. 	The Kappa block can be 
rotated about the Kappa-axis, being carried by the w block. 	In 
turn, the w block can be rotated about the ui-axis being carried by 
the base plate of the diffractometer. 	In addition to the goniometer 9 
the diffractometer contains a 20-axis which supports the detector. 
The aperture unit in front of the detector contains a number of 
slits, each of which can be selected using a CAD-4 computer program. 
The slits are held in a rotating disc which is coupled to a position 
encoder. 
The detector consists of a thallium activated sodium iodide 
crystal and a photomultiplier. 	When an X-ray quantum is absorbed 
in the crystal, a number of light photons are emitted. These photons 




Fig 2.4 	A schematic diagram of a single crystal X-ray diffractometer (CAD-4). 	All the main shafts with the sign 
conventions of the diffractometer have been shown. 	The a is the angle made by w and K which is normally 500. 
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A monochromatic X-ray beam was obtained by using a s-filter or 
a monochromator. In CAD-4, the graphite crystal monochromator is a 
plate ( x ) inches square with .a mosaic spread of about 0.409  used 
at the (002) reflection with a lattice spacing of 3.354 A. 
2.7 	Possible Sources of Error in Intensity Measurement 
A measurement of any physical quantity can deviate from its 
true value for two main, reasons : systematic and random errors. 
It is most likely that in crystal structure analysis, incorrect 
positional and thermal parameters might be estimated in presence of 
the above errors in the experimentally measured intensity. 	The 
sources of the above errors and their remedy will be discussed in 
turn in this section. 
(a) Possible Systematic Errors 
(i) Absorption, (ii) Extinction, (iii) Multiple reflection, 
(iv) Thermal diffuse scattering, (v) Inhomogeneous crystal sample, 
(vi) Malfunctioning of equipment, (vii) Non-monochromatic incident beam 
and 	(viii) Long term variation in incident beam. 
(i) When the X-ray or neutron beam passes through the crystal, the 
intensity of scattered radiation is reduced. 	The amount of reduction 
depends on the size, shape and absorbing power of the crystal. 	The 
transmission factor, TO 
 for any crystal can be written as 
T 	= V e 	
+ X2)dv 	 .. (2.21) 
where dv is the volume element in the crystal, x 1 and x2 are the 
path lengths in the crystal for the incident and reflected beam 
respectively, and p is the linear absorption coefficient. 
The transmission factor can be estimated only for certain well-, 
defined shapes and sizes of the crystal. 	Therefore, it is always 
desirable to use samples of optimum size and of the proper shape to 
minimise the absorption effect for the particular radiation. 
Unfortunately, for certain crystals, it is difficult to get a sample 
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of the desired shape. 	However, the problem of absorption has been 
solved by many workers (Busing and Levy, 1957; Furnas 9 1957; and 
North, Phillips and Mathews, 1968). 	North et al have improved a 
semi-empirical method suggested by Furnas for estimating the trans- 
mission factor for any arbitrary crystal shape. 	This method is based 
on the assumption that the absorption for any reflection is the same 
as that suffered by an X-ray beam passing through the crystal in 
the mean direction of incident and reflected beams (Fig 2.5) and 
hence is a function of 4 only. 	In this method, for a low-angle 
strong reflection with its scattering vector along the -axis of the 
4-circle diffractometer 9 integrated intensity is measured at regular 
intervals (say, 10 or 15 0 ) of the azimuthal angle 	(which is 
identical to 	here), as ip is varied from 0 to 360° for symmetrical 
A setting (Arndt and Willis, 1966) with x = - 900 . 	 In this setting 
the incident and reflected beams are equally inclined to the axis of 
the crystal rotation, so that the mean of these two directions lies 
in the plane perpendicular to the rotation axis (Fig 2.5). 	The 
variation in intensity provides a measure of the relative absorption 
suffered by X-rays on passing through the crystal in various mean 
directions perpendicular to the rotation axis. 	According to Furnas 
(1957) the relative absorption correction factor for a general 
reflection can be calculated by the expression 
1 	'max(4) 




 is the maximum intensity observed for the reflection 
for which integrated intensity is measured at regular intervals as 
a function of 	1(hk9) is the intensity at the appropriate value of 
4 for the reflection, and Tfl(hk)  is the corresponding transmission 
factor. 	In the improved method, North et al suggested the calculation 
of the transmission factor for a reflection by the expression 
Tn(hk) 	= 	(T() + Tn(r)) 	 ,.. (2.23) 
Rotation 
axis 
Aeon direction :1 
,c;ent and ref ec ted 
earns 
Incident beam 
Fig 	2.5 	Equiinc1ination geometry for recording of absorption 
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Fig 	2.6 	A typical absorption curve (showing variation of 
relative transmission T with azimuthal angle t) 
(After North et a1 9 1968 p  352) 
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where 	and 	are the azimuthal angles of incident and reflected 
beams respectively. 	These angles may be calculated for each 
reflection, and the value of absorption at this angle determined from 
the empirical curve can be used to apply the correction in a complete 
set of data. 	A typical transmission curve measured on the 4-circle 
diffractometer is shown in Fig 2.6. 	For the calculation of hk 
for different geometries, North et al have derived the formulas in 
detail. 	The transmission curve for any reciprocal lattice level 
is one obtained from the axial reflection in that level. 	This gives 
the relative values of the absorption correction, and usually 
corrections are made relative to the direction of least absorption 
in the crystal. 	The corrected intensity of one level then differs 
from that in another level by a constant factor (representing the 
transmission in the direction of least absorption). 	This factor 
is treated as a scale factor for each level which can be determined 
if there are equivalent reflections in different levels. 
As the corrections are invariant with Bragg angle 0 9 this method 
is not satisfactory in correcting the intensities of reflections at 
high angles. 	However, in many cases, an improvement in agreement 
of the equivalent reflections measured on the diffractometer indicates 
the success of this method. 	Although this method has been applied 
for correcting the higher-angle X-ray intensities of T1H 2PO4 (see 
Section 3.3) also, its inadequacy is not very important because the 
main interest was to determine atomic coordinates rather than getting 
good thermal parameters. 	A computer program based on the method 
(see Section 2.11) was used for applying the correction in the complete 
set of data. 
(ii) Extinction is the effect of attenuation of the incident X-ray or 
neutron beam, by a non-absorbing process, as it passes through the crystal. 
There are two types of extinction effect : primary and secondary. Primary 
extinction is the effect of attenuation of the incident beam in a perfect 
crystal because of a large fraction of the beam being Bragg scattered by 
perfectly aligned planes of the crystal. 	In a diffraction study, it is 
generally assumed that crystals are ideally imperfect. 	This type of 
crystal consists of small mosaic blocks which are not perfectly aligned. 
Attenuation of the X-ray or neutron beam by Bragg scattering from identially 
oriented mosaic blocks is known as secondary extinction. Secondary 
extinction is much more severe in neutron diffraction than X-ray 
diffraction because of the generally larger sample size. 
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Darwin (1922) developed the theory of extinction for a crystal 
of regular shape. 	Since then a large amount of theoretical and 
experimental work on extinction has been reported (Zachariasen, 
1963 9  1967; Cooper, Rouse and Willis, 1968; Cooper and Rouse, 
1969; Becker and Coppens, 1975 and Becker, 1977) for applying 
correction factors to the measured integrated intensities. 
Unfortunately, there is no ideal way of solving this problem in all 
cases. 	Both the primary and secondary extinction are dependent on 
the strengths of reflections, on the wavelength of the incident 
beam and on the dimension of the crystal. 	Therefore, to minimise 
secondary extinction, a small crystal is usually used in neutron 
experiments. 	In the final least-squares refinement of crystal 
structures obtained by neutron diffraction, some of the strongest 
reflections are usually removed if they are strongly affected by 
extinction. 	As the amount of extinction decreases with decreasing A 
(Chandrasekhar, 1960b), smaller wavelengths were chosen (considering 
the other factors also) to minimise the effect. 	In the present study, 
an isotropic extinction correction in X-ray and neutron data has been 
applied using a method suggested by Cooper et al (1968), 
In a single crystal experiment, when two or more reciprocal 
lattice points pass through the Ewald sphere simultaneously, either 
an increase or decrease in scattered intensity is observed. 	Although 
this effect was identified long ago (Renninger, 1937), serious 
consideration has only been given in the past few years to achieving 
the best possible accuracy in X-ray/neutron data (Willis, 1963; Moon 
and Shull, 1964; and Post, 1976), 	When working at short wavelength 
or with crystals of large cell dimensions, it may not be possible to 
avoid this effect. 	To minimise this multiple reflection effect in 
the 4-circle diffractometer experiments, crystals were not mounted 
with their crystallographic axis exactly along the -axis of the 
diffractometer (Young, 1969), 
Thermal diffuse scattering (TDS) contributes largely to the 
apparent Bragg intensities, 	The TDS contribution, a, comes mainly 
from low energy lattice vibrations (ie, acoustic modes) of the crystal, 
and the main component of TDS is the scattering interaction where one 
phonon is absorbed or created and it is found peaked at the Bragg 
position (Willis, 1969), 	Therefore, by simply subtracting the 
general background (which we normally do) from the peak, an 
accurate Bragg intensity can not be estimated. 	In X-ray or 
neutron diffraction experiments, the observed integrated intensity 
during the scan is given by 
10 = 1(1 + a) 	 (2.24) 
where I is the true Bragg intensity, al is the contribution from 




 B T 	sin 0 2 a = -- 
-x-- ( 	X 	, sin 20 • k , 	,,, (2.25) 
where k   is the Boltzmann constant, T is the temperature, and A is 
the wavelength. 	(x is thus a constant term, proportional to 
sin e 
)2 multiplied by an angular term k, which is a function of 
the elastic constants (c),and by , which is a function only of 
the appropriate volume in reciprocal space. 	It has been 
experimentally demonstrated by Rouse and Cooper (1969) and Cooper 
(1970) from neutron diffraction data that only the thermal parameter, 
B, will be affected if this correction is not applied. 	Furthermore, 
there are some limitations in applying the TDS correction. 	For 
example, for many crystals, the elastic constants required for 
estimating a are unknown. 	As the main objective of this thesis 
was to determine accurate positional parameters of the atoms, no 
attempts were made to apply the TDS corrections in any neutron or 
X-ray data. 
Single crystals of the best possible quality were always used 
in all the X-ray and neutron experiments to minimise any error due to 
defects in the crystals. 
The proper functioning of all the apparatus used for the data 
collection was checked whenever necessary, 
A monochromatic neutron beam of wavelength of about 1 OA was 
usually used to reduce the higher-order contamination (Bacon, 1975, p  98). 
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(viii) To check for any significant variation of the incident 
beam, one or more reflections were periodically measured. In 
addition, the incident neutron beam was monitored. 
(b) Random Error 
The emission of photons by an X-ray tube, or of neutrons by a 
nuclear reactor, is a random process and gives rise to a statistical 
fluctuation in the measurement of the integrated intensity of a 
Bragg reflection. 	The accuracy of the measured intensity depends 
on the number of counts in the scan. 	The number of counts, N 
measured in equal times, t 9 fluctuates according to a Gaussian 
distribution about the mean 	and then the standard deviation of 
the distribution will be v'. Therefore, the statistical accuracy 
,613 the measured integrated intensity (or structure amplitudes) can 
be increased to any required level by increasing the number of monitor 
counts per step (ie 9 counting time). 
For checking the random or associated errors (from the noise 
in the counting circuit and some mechanical vibrations) in the data, 
more than one (two, in general) symmetry-related reflections were 
measured in the X-ray and neutron experiments. 	To minimise the 
errors, the symmetry-related reflections were averaged. 
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2.8 	General Aspects of Data Collection and Reduction 
(1) 	Data Collection 
Neutron Data 	Before the neutron data collection on the crystals of 
the present study, their symmetries and cell parameters were checked 
carefully (see Chapters 3 9 4 9 5 and 7) with a calibrated wavelength. 
In each case, the Bragg reflections were measured by employing the moving-
crystal moving-detector (ie 9 w/20) scan method in the background-peak-
background mode. 	The reflections were scanned in steps through the 
Bragg angle. 	The same monitor count was specified on both the background 
and on the peak for each profile. 	The step-size must be small enough 
to give the profile of a reflection. 	A step-size of 0.04
0  was used 
in most of the neutron experiments. 
Since the accuracy of the data depends on the number of counts in the 
scan (see Section 2.7) 9 a sufficiently large number of monitor counts was 
specified to get the desired accuracy (ie 9 difference in intensity of 
symmetry-related reflectionsless than three standard deviations) in the 
ttme available. 	Because of the fixed wavelength (ie 9 A = 1.1803 A) for 
the Mk VI diffractometer (Section 2.6) and physical interference of some 
of its shafts, it was not possible to collect high-resolution data 
o_l 
(ie 9 maximum sin 0/A = 0.60 A ) on T1H 2P049 CsH 2PO4 and NaH 2PO4 
crystals. 
The higher-angle neutron data in most of the experiments were 
collected with a detector aperture wide' open to allow for any mis-
setting or misalignment of the crystal. 	The data were collected in the 
order of increasing Bragg angle, because the angular range of scan for 
each reflection and the correct size of the detector aperture are 
independent of 0 (Arndt and Willis, 1966) for reflections within a 
limited 	range. 	The intensities were usually measured in the bisecting 
arrangement (for details - see Arndt and Willis, 1966). 
The input instructions(for data collection) and the output were 
recorded on magnetic tape or disc. 	Preliminary verification of the 
collected data was made by the computer programs linked with the 
diffractometers. 	Some doubtful data were remeasured in the case of 
CsH2PO4 and PbHPO 4 (room-temperature experiment at Harwell). 
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X-Ray Data Three-dimensional X-ray data on T1H 2PO4 (see Section 3.3) and 
CsH 2PO4 (see Section 4.2) were collected on the CAD-4, using w/20 step-scan 
method in background-peak-background (BPB) mode. Like neutron data, X-ray 
data were also measured in the bisecting arrangement. 	The input instructions 
and the output were recorded on magnetic disc. 
Finally, the raw data were converted to intensities and structure 
amplitudes using some computer programs (see Section 2.11) based on the 
formulas given below. 
(2) 	Data Reduction 
Neutron Data 	The intensity of a reflection was calculated from the 
actual peak counts, and was normalised in terms of the total incident 
flux which is proportional to n 
p 
Y. m where n and m are the number of 
steps and monitor counts on each step in the peak respectively. 	The 
normalised intensity for a reflection h(h k 2) was calculated using the 
expression 
I = oh 	in 
	
n 	 - 
: + If} 
r= 1 
(2.26) 
where AO is the angle moved (in degrees) between each point measured in 




(B ) +- 	E (B2) I ... (2.27) 
ci. 	r=1 	
1 	n r=1 	
r 
Here na  and n are the number of points in the low angle (B 1
) and high angle 
(B 2 ) background regions respectively. 
The standard deviation for the value of 1oh was calculated using 
the expression 	
n2 	B 	B 
 /P 
- 	 __2. (—+ —2 	
... 









(B 1 ) 	 ... (2.30) 
1 r 
m 
I- 	 - 
2 	r=l 	 b 
where mb  is the monitor counts on each step in the backgrounds. 
Apart from systematic and random errors (see Section 2.7) 9 the measured 
integrated intensity is affected by some geometrical terms (Section 2.2). 
These are Lorentz (L) and polarization (p) factors. 	The Lorentz factor 
depends on the setting angle of a reflection and is inversely proportional 
to the rate at which the reciprocal lattice vector sweeps through the 
surface of the reflecting sphere (ie 9 for normal beam equatorial geometry, 
L 1 = sin 20). 	The polarization factor (p) arises because of the 
dependence of the scattering amplitudes on the orientation of the electric 
vector E for the X-rays, and is written as 
1 + cos 20 	 ... (2.32) 
2 
Since there is no polarization effect associated with neutron 
diffraction (ie 9 p = 1) 9 all the neutron data were Lorentz corrected, 
and the observed structure amplitudes and their standard deviations 
obtained using the expressions 
(IFOI)h = 	1Oh . sin 20] 	
.,. (2.33) 
and 	a(IFoI)h = 	IFoth . a(IO)h/2(IO)h 	... (2.34) 
X-Ray Data The following formula was used to calculate the integrated 
intensity of a reflection collected on the CAD-4. 
= [P - k'(B 1 + B 2 )] 	 ... (2.35) 
where B 1 and B 2 are the total number of photons in the low and high 
angle background of the profile of a reflection, P is the total number 
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of photons in the peak region and k' is a constant which is the 
ratio of the total time spent on the peak and on the background 
	
during the measurement of a reflection. 	For CAD-4 9 this 
constant is 2. 
The errors in the observed intensities were calculated 
using the equation 
= [P + k' 2 (B 1 + B2
)] 	
... (2.36) 
The intensities of the reflections were corrected for the Lorentz 
and polarization effect (the combined effect is designated as Lp). 
The structure amplitudes were then calculated as 
2 sin 20 1 2 IF 
01h = 	[cIO)h 1+cos 22e j 	
... (2.37) 
IF 01h1oh 
and 	cl(tFO l)h = 	- 	- 




2.9 	Least-Squares Method of Structure Refinement 
The method of least-squares is based on the hypothesis that the 
optimum description of a set of data is one which minimises the weighted 
sum of the squares of the deviation of the data from the fitting function. 
This hypothesis was applied for the first time in a crystal structure 
refinement by Hughes (1941) by minimising a function of the observed 
and calculated structure amplitudes for a trial model, with respect 
to the structure parameters.. 	The function minimised by this method 
is 
	
n 	 n 
A= 	Wk(IFo Ik - IFclk)2 = 	E 	Wk k 	. (2.39) 
k=l 	 k=l 
where IFOk  is the kth observed structure amplitudes, 
IF cl is the corresponding structure amplitudes calculated 
from the current parameters 
Wk is a weight applied 
and 	n is the total number of observations.. 
If there are m variable parameters (ie, structural, thermal, scale, etc), 
P19 P2 9 P3 9 
 °"' m in a trial model, which are used to calculate the 
FcIk for the kth observation, these parameters are varied to minimise 
wR. 	That is, 
(wR) = 0 
	(j = 1, 2, 	.., m) 	 (2.40) apj 
n 
or 	: 	wk k 	
= 0 	 .... (2,41) 
k=l pi 
The method is based on the assumption that the above parameters are 
close to their true values, and are linearly related to the observed 
structure amplitudes. 
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To minimise wR 9 some corrections 6p are applied in the above 
parameters P9  and then the kth observational equation can be written 






= 	'k (IFo lk - FcIk) 	... (2.42) 
= 3 
For m unknown parameters, there will be m normal equations. 	These 
normal equations are solved for the correction 6P j9 and improved 
values of the parameters are obtained. 	From the improved parameters, 
Ed I and are recalculated to give a set of equations with new 
coefficients which are solved for a further set of normal equations 
for the corrections. This process is repeated until each correction 
cSp becomes small compared with its standard deviation. 
For n observed structure amplitudes and m unknown parameters 
(for n > rn) 9 m independent normal equations for the above correction 
can be written as 
m 	n 	alF ck I 	FIk ____ 
j=l k=l k 
n 
=E w  k=l k ___ ap (IFo lk IF 
(2.43) 
(i = 1 9 2 9 	n) 
In matrix form these normal equations are 
=B 	 .(2.44) 
or 	6p = B . 	 .., (2.45) 
From the least-squares refinements, not only the parameters p 9 
but also their standard deviations are estimated. 	To obtain the 
lowest standard deviation of parameters, generally absolute weight, 
wk = lk2  (IF o Ik)9 is used. 	With the absolute weights, the standard 
deviation of parameters can be obtained simply by the jth diagonal 





If the relative weights, S 2/a2 (IF0 I) 9 only are known, the standard 
deviation of parameters at the end of refinement are obtained as 
= 	
k=l 	
- m) = A' 	2 	(2.47)
ii 
The quantity S (sometimes called the standard deviation of an observation 
of unit weight) is usually estimated from the parameters at the end of 
the refinement. 	For correctly chosen weights, S should be close to 
unity; and wt 2 should be constant as a function of various experimental 
variables such as scattering angles and structure amplitudes or intensities. 
Furthermore, the value of S should be approximately constant for the 
various groups of observations. 
The inverse matrix A 1 9 apart from S 2 9 representsthe variance-
covariance matrix of the estimated linear coefficient. 	That is, the 
elementsof the matrix A 	display the variance of p 1 p29 . 
on the main diagonal and covariance on the off-diagonal. 	The 
covariance of parameters p i and p for relative weight can be estimated 
as 
n- - 
cov(p 9 	= ( A 	)( 	wk 4)/(n 	m) 	... (2.48) 
	
- k  
If many parameters are involved in the structure refinement, correlation 
between them can most readily be detected by estimating the correlation 
matrix X 	(for parameters p i and 	which are defined by the
ii 
expression 




	 A 1 ..) 
The diagonal elements of the X 	matrix are all equal to unity. 	A 
value of X ij approaching unity shows that p i and p are correlated. 
= 1 shows that these parameters are completely correlated and can 
not be separately determ med. 	If X 	 = 0 9 the parameters involved areii 
completely uncorrelated. 
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In this thesis, R and wR-factors have been defined as 
n 
(IF I 	- IF 1k 
k=l 	
ok c 
R = 	 ____________ 	 ... (2.50) 




= k o k 	
c k 	1 w (IF! - IF I 
(2.51) 
2 w(F I) 
k=l " 	° 
2.10 	Significance Test on the R-Factor 
In crystal structure refinement, many models with different variable 
parameters are tried in order to achieve the best agreement between the 
observed and calculated structure factors. 	Usually from a comparison 
of these models, it is decided which model should be accepted. 	It is a 
well-established fact that a model having a largernumber of parameters 
will usually fit better than a model with fewer parameters. 	For example, 
a model with anisotropic thermal parameters will usually give better 
agreement with the data than a model with isotropic thermal vibration of 
the atoms because in the former model there are five extra parameters 
for each atom. 
From two models with different variable parameters, it is difficult 
to judge the better and more appropriate model by simply comparing the 
final parameter values and estimated standard deviations obtained from 
a least-squares refinement. 	Hamilton (1965) 9 however, suggested a simple 
approach to decide the appropriateness of the models by calculating 
the approximate statistical significance levels for a weighted R-factor 






where wR 1 and. wR 11 are the weighted R-factors for model I (with some 
constraint on the parameters) and II (without the constraint) 
respectively,, 
Using Hamilton's approach, the statistical significance of the 
improvement in fit obtained for the model with the larger number of 
parameters can be tested by comparing Robtained from equation (2,52) - 
and 	calculated from the Fdistribution for (M - m) and (n 	M) 
degrees of freedom at the statistical confidence level a 
R.
M-m F + 1] 	 (2q53) = ____ 
a 	n-11 	a 
M and m are the number of parameters for model II and I respectively, 
n is the total number of observations and Fa  is the value of F-
distribution for the above degrees of freedom at the confidence 
level a. 
For different values of a (ie 9 050 - 00005) 9  Ra  is calculated 
for given degrees of freedom, and if R > R a 9 model I is rejected 
at the particular value of a. 	In other words, the improvement 
in fit for model II is (statistically) significant at the 100(1 - 
confidence level,, 
2.11 	Computer Programs, X-Ray Scattering Factors and Nuclear 
Scattering Amplitudes used in the Present Studies 
(a) 	Computer Programs 
All the neutron data collected at A.E.R.E. Harwell, either on 
theMk II or Mk VI, were converted into intensities and structure 
amplitudes with their estimated standard deviations using a 
computer program written by Mr K D Rouse of the Material 
Physics Division, A.E.R.E, Harwell, 
The structure amplitudes of the equivalent reflections of all 
the compounds were arithmetically averaged using a computer 
program written by the author. 
To apply absorption corrections to the X-ray data of T1H 2PO4 , 
a. computer program written by Drjohn Moult of this 
Department was used. 
Computer programs of the packages 'X-Ray 74' and 'X-Ray 76' 
compiled by Dr J M Stewart, University of Maryland, USA, were 
used for the structural analysis of T1H 2PO4 , CsH 2PO4 and 
NaH2 PO4 	(Patterson map, Fourier difference map, bond lengths 
and angles calculation, weight analyses, structure refinements, 
etc.). 
For the reduction of PbHPO4 raw data, collected at various 
temperatures, a computer program written by Dr M S.-Lehmann 
of I.L.L. Grenoble, was used. 
For the structure refinement of PbHPO4 , a full-matrix least-
squares program originally written by Dr G S Pawley of this 
Department was modified for the present purpose. 	For bond 
length and angles calculations, a computer program of the 
'X-Ray 76' packages was used. 
(Vii) The raw X-ray data collected on the CAD-4 from T1H 2PO4 andCsH 2 PO4 
crystals were converted to intensities and structure amplitudes 
LW 
with their estimated standard deviations using a computer 
program written by Mr D.Pettigrew of this Department 
(viii) A standard sub-routine of the computer programs 'NAG' (a 
package program of the Edinburgh Regional Computing Centre) 
was used to calculate the eigenvalues and eigenvectors of 
the U-matrix of the hydrogen atoms H(l) and H(2) of T1H 2PO4 
(see Chapter 3) 
X-Ray Scattering Factors 
X-ray scattering factors (f) for the structure factor calculations 
for T1H 2PO4 and CsH 2PO4 structures were taken from the International 
Tables for X-ray Crystallography, Vol III, p 201 (1974) 
Nuclear Scattering Amplitudes 
The following nuclear scattering amplitudes (b) were used 
(Bacon, 1972) for the calculationsof neutron structure factors in the 
present study.  
b 11 = 0.899 bc5 = 0.559 bNa = 0.36 9 bpb = 0.94 9 
b0 = 0.58 9 b = 0.51 and bH = -0.374 (all x 10- 12 cm). 
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STRUCTURAL STUDIES OF T1H 2PO4 
3.1 	Introduction 
Although the possibility of ferroelectricity in T1H 2PO4 was 
suggested long ago (Mattias., Merz and Scherrer, 1947), this was not 
verified until 1966 when 	Montagner and 	Donche measured the 
permittivity as a function of temperature on a powder sample. 	An 
anomaly in the permittivity was observed at two temperatures : a 
small anomaly at 249 °K and a large one at 2270 K. 	Recently, 
Vignalou, Tranquard, Couzi and Huong (1976) have observed only one 
transition temperature at 230 0K in their Raman spectroscopic and 
specific heat studies of this compound in the temperature range 
80 - 4000 K. 	In this same temperature range, the phase 
transition in T1D2PO4 was found at 3500 K. 	More recently, Matsuo 
and Suga (1977) have completed calorimetric (i.e, heat capacity, 
enthalpy and entropy) and dielectric studies on a single crystal of 
T1H2PO4 . 	A first-order phase transition was found at 230 0K in 
these studies. 	The dielectric permittivity along the b-axis at 
1 kHz was found to be large and strongly temperature dependent. 
The crystal structure of T1H 2PO4 was first examined 
by Oddon, Caranoni and Tranquard (1972) using a powder sample. 
They obtained the following cell parameters 
0 	 0 	 0 
a = 14.34(1) A, b = 4.52(1) A, c = 6.52(1) A and a= 91.50(16 
The space group was found to be C2/m, with four formula units (Z = 4) 
in the unit cell, but no attempts were made to determine the complete 
crystal structure in this study. 	As far as author knows, no other 
attempts have been made to solve the crystal structure. 
3.2 	Crystal Growth 
The crystals of T1H 2P04 were grown from a solution by a cooling 
method, where the temperature of a saturated solution is decreased 
slowly, usually throughout the crystallization. 	The saturated 
solution of 11H 2PO4 was prepared at 70 0C from solutions of 98% pure 
orthophosphoric acid, H 3 PO 4 (BDH Chemicals)and thallous carbonate, 
T1 2 CO 3 (Hopkin and Williams Chemicals) according to the following 
reaction 
T1 2CO 3 + 2H 3PO4 = 2T1H2PO4 + H 20 + CO  
It was then filtered and transferred into a flask, kept in a water-
bath at temperature of 60 0C (Fig 3.1). 	The temperature of the water- 
bath was decreased slowly at the rate of 2 0C per day, using a 
temperature control unit from West Instruments. 	After a month, the 
flask was removed from the waterbath and the crystals were dried. 
They were found to be needle-shaped. 	In spite of maximum precautions 
at the time of crystal growth, the desired shape and size of the 
crystal for neutron diffraction were not obtained. 	Therefore, T1H 2PO4 
crystals were recrystallized twice from the aqueous solution using 
the same crystal-growing set up as above (Fig 3.1). 
The identity of the crystals was checked by taking some 
preliminary X-ray photographs (Laue, Oscillation and Weissenberg) and 
by measuring the lattice constants of the crystal. 	The lattice 
constants of the crystal agreed reasonably well with those already re-
ported (Oddon et al, 1972). 
3.3 	X-Ray and Neutron - Experiments 
X-Ray Experiment 
A sample of about 0.1 x 0.1 x 0.5 mm 3 in size was cut from a 
single crystal grown in this laboratory (Section 3.2). 	Careful 
X-ray photographic studies (using MoKcx and CuKa radiations) confirmed 
again the cell parameters reported by Oddon et al (1972). 	Long 
exposure Weissenberg photographs were taken for h 0 2., h 1 2. and 
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Fig 3.1 	
A schematic diagram of the crystal-growing set up used for the 
growth and recrystallisation of T1H 2PO4  single crystals. 
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with the following conditions absent 
For h 	k h + k = 2n+1 
h0 Z 	 h 	= 2n+1 
OkO 	 k 	= 2n+1 
where n is an integer. 
These results suggested that the reported space group C2/m was 
correct. 	The same sample was transferred to the CAD-4 ( 	Section 2.6) 9 
the b-axis being mounted approximately along the -axis of the 
di ffractometer. 
The cell parameters of the crystal were measured using 25 higher-
angle reflections and were refined by a least-squares program in 
the CAD-4 software. 	The refined cell parameters so obtained with 
their estimated errors in parentheses are 
0 	 0 	 0 
a = 14.308(6) A, b = 4.518(6) A, c = 6.516(5) A and 	= 91.76(1) 0 . 
To check the space group, some systematically absent reflections for 
the space group C2/m were scanned. 	No peaks were observed. 	This 
1s+ea. that the reported space group C2/m was correct. 	A total of 
2000 reflections (two equivalentsin general) were measured for 
1 < 0 < 35 0 in the hemisphere (±h,  +k, ±2.) for the space group C2/m. 
A standard reflection (004) was periodically measured, and the maximum 
variation in intensity of this reflection was within two standard 
deviations. Because of significant differences in intensities of 
equivalent reflections, the need for absorption corrections was 
evident. 	Using the method described in Section 2.7, absorption 
corrections were applied to the data. 	After this, the intensities 
of equivalent reflections agreed well within two standard deviations. 
Finally, the intensities of all the reflections were reduced to 
structure amplitudes and those for equivalent reflections were 
averaged. 	The reflections with F 0 < c(F0 ) were removed from the 
final data set, leaving a total of 717 reflections to be used in the 
structure analysis. 
Neutron Experiment 
A specimen of about 1 x 2 x 1 mm 3 in size was cut from a single 
crystal grown in this laboratory (Section 3.2). 	A neutron- 
diffraction experiment was performed on MK VI (Section 2.6) of the 
DIDO reactor at A.E.R.E. Harwell. 	A wavelength (calibrated from a 
standard KC1 crystal) A = 1.1803(2) A was used. 	The measured cell 
parameters agreed fairly well (within two standard deviations) with 
the measured values on the CAD-4. To check the space group, many 
reflections were scanned, and the following were found to be absent 
For h k 9, reflections 	no condition 
h0 k 	 h = 2n+1 
OkO 	 k = 2n+1 
From these absences, it was clear that the space group C2/m was 
incorrect. 	The true space group then should be P2 1 /a. 	The 
difference in the space group of T1H 2PO4 obtained from X-ray and 
neutron experimentsis understandable with so heavy an ion as Ti, 
which will dominate the X-ray scattering and could possibly have C2/m 
pseudo-symmetry. 	A total of 1200 reflections (two equivalents, in 
general) were collected for the hemisphere (+h, +k, + 9) ou.t to 
o_l 	 - 	- 
sin 0/A = 0.60 A . The intensity of the standard reflection (913), 
measured after every ten reflections, was found to be stable within 
two standard deviations. 	After averaging the structure amplitudes 
over the equivalents a total of 600 independent reflections were 
found. 	The reflections with F0 < a(F0 ) were removed from the data 
set, and remaining 584- reflections were used in the structure analysis. 
3.4.1 Solution and Refinement of Crystal Structure - 	- 
(a) 	Location of Ti and P atoms. 
The overall scale (Lipson and Cochran, 1968, p 131) and thermal 
parameters, B (Section 2.2) were calculated from the X-ray data by 
0 2 
a 'Wilson Piot'method and were found to be 2.4(5) and 2.8(5) A 
respectively. 	Then, three-dimensional Patterson functions, 
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P(uvw) (Section 2.4), were calculated (Section 2.11) from the scaled 
X-ray data for the uw plane at intervals along the v-axis. 	The 
calculations were performed for a grid of spacing - 	
, and 
F(000) = 520 was used in the Patterson function calculations. 
In the three-dimensional map (sometimes called 	'Observed Patterson' 
map), large peaks were observed only in the (uOw) and (uw) planes. 
The locations of these peaks in the Patterson map with their heights 
are shown in Table 3.1 and 	Figs 3.2(a,b). 
As there are four Ti atoms in the unit cell, a total of 16 Ti-Ti 
Patterson peaks can be expected. 	Four of these will be self-peaks 
at the origin; and the remaining 12 non-origin peaks will be scattered 
in the complete unit cell. 	Similarly, there will be 12 non-origin 
peaks for four P atoms in the unit cell. 	Also, there will be 32 non- 
origin peaks for TI-P pairs. 
To identify the peaks due to the pairs of atoms (Ti - Ti) and 
(Ti - P), the observed Patterson peaks were calibrated as follows. 
The expected weights and heights of individual peaks can be calculated, 
using the equations (2.16a) and (2.17) .respectively. 	The weight of 
the origin peak due to all the atoms in the unit cell of T1H 2PO4 
structure will be 
N 
. 	= Z 28168 
i=i 	
1 
The expected weight of a Patterson peak due to a pair of Ti atoms is 
6561 and that for Ti - P is 1215. 	Although the weight of the observed 
Patterson peak is expected to be proportional to the product of the 
atomic numbersof the atoms involved, it is difficult in practice to 
estimate the exact observed weights from the three-dimensional Patterson 
map. 	However, since a peak height is also proportional to the product 
of the atomic numbers, Patterson peaks can be identified using the 
equation (2.16a). 	Knowing the height of the origin peak (Table 3.1) of 
the observed Patterson map, the height of some of the other peaks (ie, Ti- 
Ti, Ti-P or P-P) were estimated using equation (2.17). 	No attempts 
were made to identify Ti-O, or 0-0 peaks in the Patterson map. 
Table 3.1: Location of peaks in the three-dimensional Patterson map with their heights, possible pairs of 
atoms expected peak heights for the pairs and possible multiplicity of the peaks. 
Expected pairs of 
atoms 
Location of Peaks 
U. 	v 	w 
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(d)+ 0 
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2152 
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(P-P) (17) (2) 
512 TI -P 93 4 
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1090 Ti-Ti 501 2 
(P-P) (17) (2) 
2147 Ti-Ti 501 4 
(P-P) (17) (4) 
823 TI -P 93 8 
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Fig 3.2(a) 	The observed Patterson map for T1I 2 PO4 at v = 0 
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Fig 3.2(b) 	The observed Patterson map for T1I1 2 PO 4 at v = 
From Neutron diffraction, where all the atoms have the same order 
of scattering power, the true space group was found to be P2 1 /a. 	It 
was, therefore, most likely that the Tl atoms (at least) occupied 
the 4-fold general position of P2 1 /a with a configuration close to 
one of the 4-fold special positions of C2/m. 	For example, the 
4-fold special position (4i) of C21m (see below) is equivalent to 
a general position (x,y,z) with y = 0 of the space group P2 1 /a 
Some systematically absent reflections for the space group C2/m 
(h + k = 2n + 9) were scanned with X-rays taking longer exposures, 
but no significant peaks (ie, higher than the general background) 
were found. 	This means that the Tl atom must be very close to 
conforming to C2/m symmetry. 	The five 4-fold special positions 
of C2/m are 
(0, 0, 0) and (29 	' 0) + 2 
(4i) x 0, z; x, 0 9 	i 
(4h) 0 9 Y. ; 0, 7, 
(4g) 0, y, 0; 0 9 Y, 0 
(4f)  
(4e) , , 0; , , 	 0 
The possibility of Ti (and P atoms) in the positions (4e), (4f), 
(4g) and (4h) could be rejected as there were no peaks in the observed 
Patterson maps of Figs.3.2 (a,b) along the v-axis. 	The conclusion was 
thus reached that the Ti (at least) must be very close to the 
positions (x, 0, z); (, 0, 1); 	(.+ x, J, z) and ( - x, J. 1). 
The equivalent general positions for the space group P2 1 /a are 
±(x, y, z) and +( + x, J - y, z), with a standard origin at a centre 
of symmetry. 	The Patterson vectors between related atoms in the 
above general position, apart from zero vectors, will be 
±(2x, 2y, 2z); ±(2x, -2y, 2z) single-weight peak 
+ 2y, 0); i-( + 2x, J, 2z) double-weight peak. 
'11 
From these Patterson vectors, it is clear that 
(, y, 0) line of the Patterson map contains v 
These sections of the Patterson map are called 
The observed Patterson peaks in a plane, v = 
P2 1 /a) are observed mainly due to 2 1 symmetry, 
double-weighted. 
the (x, 1, z) plane or 
ry useful information. 
Harker-sections. 
(for space group 
and these will be 
Now for the Ti (and perhaps P) atoms, very close to the (x, 0, z) 
plane, the heavy Patterson peaks can be expected in the plane v = 0 
or J. 	Therefore, all the non-origin heavy peaks in the 'observed 
Patterson' map in the (u, 0 9 w) and (u, J, w) planes (Fig 3.2) were 
considered (most probably) to be due to a pair of Tl atoms, whereas 
the comparatively small 	peaks at (+, 0, 0), (±, J, 0) and 
(, 09  fl were assumed to be due to a Tl-P pair. 	This postulate. 
was checked by comparing the heights of the expected (calculated from 
the equation (2.17)) and observed Patterson peaks (Table 3.1). 	The 
differences in expected and observed peak heights for some of the 
peaks might be due to a coincidence of these with the other small 
peaks. 
Assuming the Tl-T1 Patterson peak was at (, 0,  fl, then the x 
and z coordinates of a 11 atom were determined. 	This peak was 
considered as being due to the ( + 2x, , 2z) vector, which gave 
x = 	and z = . 	The y coordinate can be obtained from Harker lines. 
Thus, from the peaks at (, J , 0) in the Patterson map (Fig 3.2(b)) 
along (, 	+ 2y, 0) line, the y coordinate of 11 atom was found to 
be zero. The coordinates (, 0,  fl of the Ti atom were found to be 
consistent with the argument given (ie, the 11 atom could be in 
x, 0, z plane). 
If the 11 atom was at (, 0,  fl, the Patterson peaks (b), (f) 
and (g) (Table 3.1) are accounted for and it was assumed that the 
remaining non-origin peaks were mostly from Ti-P. 	From the peak 
at (, 0, 0) in the Patterson map (Fig 3.2())positional coordinates 
of P were determined. 	The P atom must be at (, 0, ). 
Now knowing the positions of the TI and P atoms in the unit 
cell, the Patterson peaks were calculated (Fig 3.2cj)using the 
w. 




ig 3.2cc A schematic diagram of the calculated Patterson map for Ti and P at 
( O ) and  ( O ) in the unit cell. The V-coordinates of the 
oeks are shown. 
superposition method (Lipson et al, 1968); and the locations of 
these peaks were found to be consistent with those of the observed 
peaks in the unit cell. 
Location of Oxygen Atoms. 
As the oxygen atoms make a relatively small contribution to the 
X-ray scattered intensity in the presence of the Ti (and P) atoms, it 
was difficult to locate them in the observed Patterson map. 	However, 
the observed structure amplitudes can be phased on the Ti (and P) 
atom positions, and oxygen atoms can be located from a Fourier 
difference-synthesis. 
Since Ti and P atoms were located at special position5(for C2/m) 
on mirror planes, these atoms make no contribution to reflections 
with h + k odd. 	Using three-dimensional X-ray data a three-dimensional 
Fourier difference map was computed on a grid of points with spacing 
, - 	, and -- in the sections up the b-axis. 	Since terms for33 
which h + k is odd could not be included, the map showed mirror 
planes at y = 0 or ; and thus each oxygen atom was represented 
by two peaks at (xyz) and (x7z). 
Using the various peak positions located in the map, interatomic 
distances (ie, P-O, 0 ... 0 and Tl-O) and O-P-O angles were calculated. 
Peaks were selected for oxygen atoms which formed PO 4 groups with 
sensible bond lengths and angles. 	Distances between oxygen atoms in 
different PO4 groups were also satisfactory. 
Least-SquaresRefinement of the Non-Hydrogen Atoms from the 
X-Ray Data. 
For the least-squares refinement of the structure, the starting 
positional parameters of all non-hydrogen atoms were those determined 
from the Patterson map and the Fourier difference-synthesis. 	The overall 
thermal parameter obtained from the 'Wilson Plot' (Section 3.1) was 
used in the initial stage of refinement. 	First, all the positional 
parameters and the overall thermal parameter were refined, along with 
a scale factor. 	The R-index was 15%. 	Then individual isotropic 
thermal parameters were introduced and the R-index fell to 10%. 
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Finally, individual anisotropic thermal parameters were introduced for 
all the atoms. 
The absolute weights, w, were modified to VcY = (o (F0 ) + 0.04 
to get approximately constant i as a function of F 0 and sin 0. 
In the full-matrix least-squares refinement, a total of 56 parameters 
(18 positional, 36 thermal, a scale factor and an isotropic extinction 
parameter) were refined. 	In the last cycle of refinement, the R-index 
was 4.7%. 	The final positional and thermal parameters are given in 
Table 3.2. 
3.4.2 Location of Hydrogen Atoms and Final Structure Refinement 
from Neutron Data 
Starting positional and anisotropic thermal parameters for all 
the non-hydrogen atoms were taken from Table 3.2. 
First, the positional and anisotropic thermal parameters of all 
the non-hydrogen atoms were refined from the neutron data using unit 
weights. 	The R-index was 24%. 	From the refined parameters, a three- 
dimensional Fourier difference-synthesis was computed on a grid of 
points with the same spacing as before (Section 3.4.. 	Negative peaks 
appeared at three different places in a section (x 0 z) of the Fourier 
difference map (Fig 	3.3) - at about ( -, 0, 	
), (
Y , 0 9 ), ( , 0,0) - wit 
peak heights -77, -51 and -51 respectively on the general background 
of about 5. 	The peaks at the above positions in the difference map 
(Fig 3.3) suggested three hydrogen atoms at two different types of site. 
The two hydrogen atoms of peak height -51 were found to be in a special 
position at the centre of inversion, and were designated H(l) [at(-- 
-- 	
,O,0)] 
and H(2) [at (,0)2-)J  in the unit cell. 	The other hydrogen 
atom (designated H(3))with the highest peak height of -77 appeared in a 
general position at ( -, 0, T ) in the unit cell (Fig 3.3). 
As the average isotropic thermal parameters of non-hydrogen atoms 
was 4 A2 , the isotropic thermal vibration of the hydrogen atom was 
estimated as 5 A2 as a starting value in the least-squares refinement. 
The positional parameters for all of the atoms ('except H(l) and H(2)) 
and anisotropic thermal parameters for the non-hydrogen atoms were 
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Fig 3. 3 Fourier difference map calculated from neutron data. 
	The 
locations of the hydrogen atoms are shown by contours. 
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refined. 	Unit weights were used at this stage. 	The refined 
isotropic thermal parameters for hdrogen atoms H(l) 9 H(2) and H(3) 
were found to be about 7 9 8 and 5 A 
2
respectively. 
A weight vi = [a(F0 ) + 0.04 F0 ] 	was applied to get approximately 
constant TA-z as a function of F 0 and sin o. 	Due to the small sample 
crystal, no large extinction effect was observed. 	However, in the 
final refinement, isotropic extinction corrections were applied. 	A 
total of 77 parameters (21 positional, 54 thermal, a scale factor and 
the extinction parameter) were refined in the final least-squares 
refinement. 	The final R-index was 9.8%. 
The refined positional and thermal parameters are given in 
Table 3.2. 
Three-dimensional Fourier difference maps were computed again 
from the refined positional parameters. 	No peaks significantly higher 
or lower than the general background of the map were found, which 
suggested the correctness of the structure. 
3.5 	Structure 
The crystal structure of T1H 2PO4 can be described in terms of H-bond€ 
chains of PO 4 groups along the two crystallographic axes,b and c. 	The 
PO4 groups are linked by the hydrogen atoms H(1) and H(2) - which are 
at centres of inversion (see Fig 3.4) - along the c-axis, and by the 
hydrogen atom H(3) along the b-axis in infinite chains. 	The linkages of 
.PO—H. 	are continuous along two crystallographic axes (b- and 
c-axes) but discontinuous along the a-axis (the longest axis of the unit 
cell). 	The PO4 groups are thus hydrogen-bonded into puckered sheets 
perpendicular to the a-axis (see Fig 3.4). 
The Ti atoms are surrounded by eight oxygen atoms (Fig 3.4). 
One of the eight 11-0 distances has a considerably larger value - 
0 	 o 
3.611(8) A than the average Ti-0 distance = 3.00(1) A (if the 
coordination number is seven). 	Thus, ignoring the largest TI-0 
distance, the Ti atoms have coordination number = 7, and the maximum 
0 	 0 
and minimum Tl-O distances are then 3.174(8) A and 2.792(8) A 
respectively (Table 3.3). 
Table 3.2: Refined x-ray (first line) and neutron (second line) positional and thermal parameters of T1tP0 
at room temperature. 














































































































0 0 0.0102(1 0.061(9) 0.055(9) -0.027(11) -0.011(9) 0.016(8) 
H(2) 
0 0.083(12) 0.064(10) 0.072(10) 0.026(10) 0.030(10) 0.028(10) 
11(3) 	
0.1849(7) 0.006(29) 	0.7577(10.036(4) 0.070(7) 	0.057(6) 	-0.011(5) 	0.002(4) -0.015(3) 
Atomic positional 
2and thermal parameters (throughout this thesis) are given in fractional 
coordinates and A 	respectively. 
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There is only one independent PO 4 group in the unit cell of 
the T1H2PO4 structure. 	The average P-0 distance is 1.536(8) A. 
The longest and the shortest P-0 distances are 1.556(8) and 1.528(8) A. 
respectively (Table 3.3). 	The smallestand the largest 0-P-O angles 
are 107.1(4) 0 and 113.0(4) 0 respectively (Table 3.3). 
There are three independent hydrogen atoms in the unit cell at 
two types of site-symmetry which form symmetrical and asymmetrical 
hydrogen bonds. 	The hydrogen atoms H(l) and H(2) form symmetrical, 
whereas H(3) forms an asymmetrical hydrogen bond (Table 3.3). 	The 
symmetrical hydrogen bonds are very short, and are consistent with 
the range given by Pimentel and McClellan (1971). 
The large isotope effect on the transition temperature 
(Section 3.1) suggests that the hydrogen atoms of this compound could 
be in a double potential well in the paraeiectric phase (at room 
temperature). 	Furthermore, 	hydrogen atoms situated at centres 
of the short symmetric hydrogen bonds are commonly found to be dis- 
ordered (Section 1.2). 	Therefore, the hydrogen atoms H(l) and H(2) 
could be disordered, and this possibility will be discussed later. 
As judged from the T1-0 distances (Fig 3.4, seven of these Tl-0 
bonds are strong; that to 0(1)[Tl-0 = 3.6.11(8) A] is weaker. 
Baur (1973) has reported (from the results of structure analysis of 
many compounds using neutron-diffraction data) that the cation-anion 
distance should be about equal to or less than the cation-hydrogen 
distance. 	In the structure of T1H 2PO4 , the nearest hydrogen atoms 
to Ti are H(1) and H(2) at the distances of 3.335(4) A and 3.340(4) A 
respectively. 	Therefore, the oxygen atoms situated beyond 3.340(4) A 
from a Ti atom might not be considered to be in Tl-coordination. 
Baur has also established eight criteria for the location of hydrogen 
atoms in a structure. 	One of the criteria is that "no hydrogen atoms 
will be located in the edges of coordination polyhedra around a cation". 
Although the oxygen atom O(2,4) 1 0 (Table 3.3) is not too far from the 
average 11-0 distance = 3.00(i) A, and is within the above cation-
0 
hydrogen distance = 3.340(4) A, the hydrogen atom H(2) falls in the 
0 
	
Table 3.3 	Some bond lengths (in A) and bond angles (in degrees) of T1H 2PO4 , 	The calculations were made using 
the refined positional parameters obtained from neutron data and cell dimensions measured on the CAD-4. 
The labelling of the atoms is as follows : a single figure or no figure in parentheses denotes an atom 
of the asymmetric units a second figure s, ranging from 2 to 4, is included for atoms in the positions 
t( -x,+y9 i) and 	i. 	Roman numbers represent the following translations : Ic 
II 	b 9 -C; 	III -a -b 9 +c; 	1V 9 -b; V -a 9 +c. 
P - 0 Distances 	 0 ... 0 Distances 	 0 - P - 0 Angles 
Bonded Atoms 	Bond Lengths 	Bonded Atoms 	Bond Lengths 	Bonded Atoms 	Bond Angles 
P - 0(1) 1.556(8) 0(1) 	... 0(2) 2.533(8) 0(1) 	- P - 0(2) 110.2(6) 
P - 0(2) 1.533(8) 0(1) 	... 0(3) 2.497(8) 0(1) 	- P - 0(3) 108.1(5) 
P - 0(3) 1.528(8) 0(1) 	... 0(4) 2.519(8) 0(1) 	- P - 0(4) 109.4(5) 
P - 0(4) 1.529(8) 0(2) 	... 0(3) 2.552(8) 0(2) 	- P - 0(3) 113.0(4) 
0(2) 	... 0(4) 2.464(8) 0(2) 	- P - 0(4) 107.1(4) 
Average P - 0 	1.536(8) 
0(3) 	... 0(4) 2.487(8) 0(3) 	- P - 0(4) 108.8(4) 
Average 0 	... 	0 2.509(8) Average 0 - P 7 0 109.4(5) 
(i) 	PO4 Group 
Table 3.3 (ii) 	Geometry of the Hydrogen Bonds 
Bonded Atoms 	 0-H 	H...0 	0...O 	0-H ... 0 
distances distances distances angles 
0(1 9 4) 	- H(l) - 0(1)1 	1.21(1) 	- 	2.42(1) 	180 
0(2)IV - H(2) - 	
1.237(6) 	- 	2.474(6) 	180 
0(4)IV - H(3) ... 0(3) 
	
1,14(1) 	1.36(1) 	2.50(1) 	177(1) 
(iii) 	P - 0 - H Angles 
Bonded Atoms 	Bond Angles 
P - 0(1) - H(1) 	120.6(6) 
P - 0(2) - H(2) 	121.4(4) 
P - 0(4) - H(3) 	120.3(6) 
Table 3.3 (iv) 	Ti-U Distances 
Bonded Atoms 	 Bond Lengths 
Ti - 0(1,4) 111 	 3.611(8) 
Ti - 0(4 9 2) 	 2.940(7) 
Ti - 0(3) 	 3,018(7) 
Ti - 0(1)I 	 2,792(9) 
Ti - 0(2)IV 	
2.968(8) 
Ti - 0(4)h1 	 3.135(7) 
Ti - 0(24)V 	
3.174(8) 
Ti - 0(3,2) IV 
	
2.938(7) 
Average (if C,N,* = 7 9 	2.995(8) 
excluding Ti - 0(1 9 4)) 
* C.N. = coordination number 
TII 00 op O H 
Fig 3.4 	A projection of the crystal structure of T1H 2PO (showing two 
unit cells) on to the a-c plane. 	Atomic heights (in fractional 
coordinates) are given 0beside the atoms. 	The Tl-O coordinations 
,with their distances (A) are also shown. The hydrogen bonds are 
shown by dashed lines (for 0(1) - H(l) - 0(1) and 0(2.) - 1-1(2) - 0(2)). 
The designation of the atoms i given inside the cu'cIe5. 
edge 0(2) ... 0(2,4) ' of the coordination polyhedron around Ti. 
Thus, if the oxygen atom 0(2,4) ' (Fig 3.4.) is excluded from the Ti-
coordination, the remaining six oxygen atoms form an octahedron 
(coordination number = 6) which is the normal coordination number 
for Ti (International Tables for X-ray Crystallography, Vol 111 9 
1974, p 263). 
From an examination of the P-C distances and 0-P-0 angles 
(Table 3.3), it has been found that the PO 4 group is fairly regular 
(see below) and obeys a rule quoted by Baur (1970) for any tetrahedron. 
The rule is : The 0-P-0 angles usually increase with decrease of the 
two corresponding P-U distances. 	However, there are a few 
exceptions to this rule. 	For example, in the Ca(H 2PO4 ) 2 crystal 
structure (Baur, 1973) there are some P-U distances which do not 
follow the above general rules for tetrahedron angles. 
The individual variation of P-0 distances ( 	Table 3.3) from 
the average P-U distance of the T1H 2 PO4 structure is very small (l%). 
The average P-U distance of 1.536(8) R of T1H 2PO4 agrees quite well 
(within an estimated standard deviation) with the average P-U distance 
of 1.537 R for a PO4 group quoted by Baur (1970). 	The average U-P-a 
angle of the PO 4 group in this compound is l09.4(5) ° . 	The maximum 
and minimum variation of the tetrahedra angles ( 	Table 3.3) from 
the average (above) are about 3% and 2% respectively. The individual 
P-U distances and U-P-U angles of the PO 4 group of this structure are 
thus normal (Baur, 1970). 
In the TlI-1 2PO4 structure, the average value of P-U-H angles is 
120,8(5) 0 (Table 3.3). 	The largest and the smallest values are 
121 .4(4) and 120.3(6) 0 respectively. 	These P-U-H angles are 
comparable with those of NaH 2 PU4 .2H 20 (Catti and Ferraris, 1975). 
The P-U-H angle is usually found to be greater than 100 0 (Baur; 1972, 
1973). 
It was generally assumed that in asmmetrical hydrogen bonds 
the hydrogen atoms should be at about 1 A from one of the two oxygen 
atoms of the hydrogen bond (0 ... U). 	However, the investigation of 
many hydrogen-bonded compounds by neutron-diffraction techniques has 
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revealed that the above assumgtion is not truly valid and.O-H distances 
significantly greater than 1 A have also been found (Kvick, Koetzle, Thomas 
and Takusagawa, 1974; Schutster, Zundel and Sandorfy, 1976). 	For 
example, in KHO(CH 2COO) 2 (Potassium hydrogen oxydiacetate), the donor 
(0-H) and acceptor (H ... 0) distances were found to be 1.152(3) A 
and 1.328(3) A respectively (Olovsson and Johnsson, 1976). 	Recently 
Catti, Ferraris and Filhol (1977) have reported the 0-H and H ... 0 
O 	 0 
distances in CaHPO 4 as 1.182(3) A and 1.283 A respectively. 	Catti 
and Ferraris (1974) have designated this type of short asymmetric 
hydrogen bond as "quasi-symmetrical". 	The hydrogen bond 
0(4) 	- H(3) ... 0(3) of the T1H 2PO4 structure is asmmetrical with 
0(4) 	- H(3) and H(3) ... 0(3) distances of 1.14(1) A and 1.36(1) A 
(see Table 3.3) respectively. 
The hydrogen atoms H(1) and H(2) of very short hydrogen bonds 
(Table 3,3) can be considered in terms of two models. 
order model : the hydrogen atoms H(l) and H(2) atoms could be 
at the centre of 0(1) ... 0(1) and 0(2) ... 0(2) bonds, 
respecti vely. 
disorder model 	each of the hydrogen atoms H(l) and H(2) could 
be disordered, with a 'half-hydrogen' on either side of the centre 
of symmetry (Fig 3.4). 
The difficulties of making this distinction on the basis of 
diffraction data (X-ray or neutron) have been recognized by many 
workers (Hamilton and Ibers, 1968and Tellgren, 1975). 	However, in 
the least-squares refinements of the crystal structure the better 
model normally should give an improvement of EwL 2 (depending on the 
resolution of the diffraction data). 	Moreover, there are some other 
considerations which can be used to decide which is the more likely 
model. 	For example, a large anisotropic thermal motion of the 
hydrogen along the bond coupled with a strong isotope effect on the 
transition temperature would support the disorder model. 
To investigate the disordering of the hydrogen atoms, H(l) and H(2), 
the least-squares refinements were conducted with neutron-diffraction 
data, keeping the hydrogen atoms at the centre of the hydrogen bonds 
in the first instance. 	Then, with the same weighting scheme and the 
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same set of observed structure amplitudes, the crystal structure was 
refined with the hydrogens having half occupancy on each side of the 
centre of symmetry. 	No reduction in EwA 2 was found. 	However, the 
separations between the two 'half-hydrogens' in the 0(1 	... 0(1) 
and 0(2) 	0(2) 	bonds were found to be 0.48(5) A and 0.58(8) 
respectively. 	It is noted that it is difficult to resolve the 
two 'half-hydrogens' with the low-resolution data. 	Therefore, to 
study the disordering of the above hydrogen atoms H(l) and H(2), a further 
study with high-resolution neutron data is recommended. 
The amplitudes of anisotropic thermal vibration of the hydrogen 
atoms, H(l) and H(2), showed (Table 3.2) strongly anisotropic thermal 
vibration approximately along the hydrogen bonds (Fig 3.4). 	This 
feature of the hydrogen atoms H(l) and H(2) was also found in the 
Fourier difference map (Fig 3.3). 	The principal mean-square thermal 
amplitudes and directions were calculated for the hydrogen atoms H(l) 
and H(2) by diagonalising the U-matrix (obtained from the least-squares 
refinement of anisotropic thermal parameters). 	The final eigenvalues 
and their corresponding eigenvectors for the H(l) and H(2) atoms are 
listed in Table 3.4. 	From this Table, it is clear that both the 
hydrogen atoms have their largest eigenvalues close to the [3 7 TI and 
[TTT] directions respectively. 	These directions are very close to 
the direction of the corresponding 0-H-0 bonds (Fig 3,4). 
A comparison of the positional and thermal parameters obtained 
from X-ray and neutron-diffraction data (Table 3.2) shows small 
differences (about two standard deviations) in positional parameters 
but significant differences in the thermal parameters. 	This is 
understandable, as differencein thermal parameters obtained from these 
two techniques are usually found in most substances, and perhaps is 
due to inaccuracy in the X-ray scattering factors. 
0 
Table 3.4 	Calculated eigenvalues (A 2 ) and corresponding 
eigenvectors of the U matrix for the hydrogen 
atoms H(1) and H(2) (from Table 3.2). 
For the hydrogen atom H(l), the U matrix is 
U 11 	U12 	U13 	 0.0102(7) 	-0.027(11) 	-0.011(9) 
U21 	U22 	U23 	= 	 0.061(9) 	0.016(8) 
U31 	U32 	U33 	 0.055(9) 
Eigenvalues 	 A1 	 A2 	A3 
0.040 	0,058 	0.120 
Eigenvectors -0,21 0.48 	0.85 
-0.75 0.48 	-0.46 
0,63 0.73 	-0.26 
The estimated errors in eigenvalues and eigenvectors are 0.009 A and 
0.05 respectively. 
For the hydrogen atom H(2) 9 the U matrix is 
U 11 	U12 
	U13' 
	
13 	0.083(12) 	0.026(10) 	0.030(10) 
U21 	U22 U23 	= 	 0.064(10) 	0,028(10) 
U31 	U32 	U33 	 0.072(10) 
Eigenvalues 
0.040 	0.049 	0.130 
Eigenvectors 
[ 
0,02 -0.76 -0.65 
-0,75 0.42 -0.50 
1 	0.66 L 0.49 -0.58 
The estimated errors in elgenvalues and eigenvectors 
0 2 




STRUCTURAL STUDIES OF CsH 2PO4 
4.1 	Introduction 
A ferroelectric phase transition in CsH 2 PO4 was first reported 
by Seidl (1950) who observed a dielectric anomaly at -114 0C. 	After 
the discovery of ferroelectricity in this compound, the crystal 
structure was first investigated by Fellner-Feldegg (1952) at room 
temperature. 	He found that the compound was orthorhombic with space 
14 0 group C2v 
0 
B2mm and lattice constants : a = 4.80(3) A, 
b = 6.25(2) A, c = 14.65(24) A 	this cell containing four formula 
units. 
Recently, Levstik, Blinc, Kadaba, Cizikov, Levstik and Filipic 
(1975) have carefully examined the ferroelectric phase transition, 
and observed an isotope effect on Tc  by measuring the dielectric 
constant in single crystals of CsH 2PO4 and CsD 2PO4 , 	A dielectric 
anomaly along the b-axis was found at -119 0C and -5.550C in the 
above compounds respectively. The large isotope effect on the 
transition temperature (Levstik et al) suggested that the transition 
mechanism of this compound might be very similar to that of 
tetragonal KH 2PO4 . 	The phase transition was reported to be of first 
order but very close to second order. 
More recently, when the present work was in progress, Uesu and 
Kobayashi (1976) reported the crystal structure and ferroelectric 
properties of CsH 2PO
49  and found that the symmetry reported by Fellner-
Feldegg (1952) was incorrect, the correct symmetry at room temperature 
being monoclinic, P2 1 /m with lattice constants : a = 7.90065(8) A, 
b = 6.3890(9) A. c = 4.87254(12) A and 	= l07.742(9) ° . 	This cell 
contains two formula units. 	[The orthorhombic cell found by Fellner- 
Feldegg has in fact true symmetry B2 1 /m with pseudo-orthorhombic 
cell parameters: a = 4.87254(12) A, b = 6.36890(9) A, 
c = 15.0499(8) A and 	= 9O.219(5) ° (Section 4.2).] 	Uesu and 
Kobayashi used three-dimensional X-ray diffraction data (collected 
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on a 4-circle diffractometer with MoKc radiation) to determine the 
crystal structure but the hydrogen atoms were not located in that 
study. 	The ferroelectric properties observed by these workers 
agreed quite well with those reported by Levstik et al . 	The phase 
transition temperature observed by Uesu and Kobayashi Tc = -121.70 C) 
however was slightly lower than that reported by Levstik et al 
(Tc = -119 0C). 	This small difference could be due to experimental 
error in temperature measurements. In the present study, the crystal 
structure of CsH 2 PO4 (following the preliminary X-ray study) has been 
examined more carefully by neutron diffraction at room temperature. 
4.2 	Preliminary X-ray Diffraction Study 
(a) 	Experimental 
A sample of dimension 0.12 x 0.10 x 0.10 mm  was cut from a 
single crystal of CsH 2PO4 (size 4 x 4 x 2 mm 3) obtained from 
Dr A Levstik, University of Ljubljana, Yugoslavia. 	Preliminary X-ray 
photographic studies with CuKa and MoKa radiations were made and 
suggested that the crystal was monoclinic with gseudo-orthorhombic 
cell parameters : a = 4,87(1) A, b = 6.37(1) A, c = 15.05(1) A 
and 	= 90.2(1) 0 . 	From the indexing of the Weissenberg photographs 
(using MoKa radiation) the following systematic absences were founth 
for h k 9 reflections, h +.. = 2n + 1 are absent 
-for 0 k 0 reflections, k = 2n + 1 are absent 
These suggested that the space group could be B2 1 /m for the above 
cell. 	The same crystal was used for a single crystal X-ray 
diffractometric study with the a-axis of the crystal mounted approxi- 
mately along the q-axis. 	The cell parameters with their standard 
deviations, obtained from the least-squares refinement of angles for 
25 reflections (10 < 8 < 34 0 ) measured with A = 0.71 A (MoKct radiation) 
are 
0 	 0 	 0 
a = 4.881(3) A, b = 6.379(3) A, c = 15.058(3) A and 	=90.25(5) 0 . 
57 
It is noted that the above cell parameters (measured on the CAD-4) 
differ substantially from those of Uesu and Kobayashi. 	From the 
author's past experience (on the measurement of cell parameters of 
many compounds), it is quite clear that the cell parameters cannot 
be measured very accurately on this diffractometer. 	Kobayashi, 
Mizutanj 9 Schmid and Schachner (1970) 9 and Kobayashi, Uesu 9 Mizutani 
and Enomoto (1970) have developed an X-ray photographic method to 
measure accurate lattice parameters. 	The lattice parameters of 
CsH2 PO4 measured by IJesu and Kobayashi using this method were used 
to calculate the bond lengths and angles (Tables4.2,3). The systematic 
absences given above for the space group B2 1 /m were checked carefully 
by scanning these for longer time. 	A total of 4600 reflections were 
0 1 
collected out to sin e/x = 0,8 A 	with MoKct radiation for the 
complete sphere. 	Three standard reflections (2 T 6 9 T 3 	and 
1 1) were measured after every 50 reflections. 	The intensities 
of these were found to be stable within two standard deviations. 
Comparison of intensities of the equivalent reflections [I(hk2.) = 
I(iii) = I(1 k ) = I(h T 2 9 and EI(IT k 2) = I(h k ) = I(Tk2.)= 
I(h k)} showed no significant difference (not more than two standard 
deviations), and so no absorption corrections were applied to the data. 
After averaging of the equivalent reflections those with Io < 3 (I) 
were removed from the data set. 	The remaining 595 independent 
reflections were used in the structure analysis. 
(b) Least-Squares Refinement of the Structure 
The positional parameters determined by Uesu and Kobayashi (1976) 
from the X-ray data for all non-hydrogen atoms were transformed to 
the pseudo-orthorhombic cell, and were used in the present structural 
analysis. 	For the reasons mentioned above, the cell parameters for 
a pseudo-orthorhombic cell determined by Uesu and Kobayashi also were 
used in the present structural analysis. 	In the least-squares 
refinements the standard origin at (1) was chosen for the space group 
B2 1 /m 9 so that Cs, P 9 0(1) 9 0(2) are in the special position (m) at 
y = 	or on the mirror plane. 
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In the initial stage of the refinements, the isotropic temperature 
factor of all non-hydrogen atoms were taken from the work of Uesu 
and Kobayashi (1976). 	The full-matrix least-squares refinements were 
computed first for isotropic thermal and positional parameters of 
all the atoms. 	The symmetry-restriction on the thermal parameters 
were applied (namely U 12 = U 23 = 0) for all the atoms in special 
positions on the mirror plane (Section 2.2). 	The positional and 
isotropic thermal parameter refinements (and a scale) gave an R-factor 
of 4%; subsequently an anisotropic temperature factor refinement 
gave an R-factor of 2.7%. 	An isotropic extinction parameter was 
refined in the final least-squares refinements. 	The absolute 
weights with some modification (ie, 41 = [oF 0 ) + 0.05 F0 ])were 
used to get approximately constant WA2 as a function of F0 and sin o.. 
The R-factor in the last cycle of the least-squares refinement was 1.8%. 
The refined positional and thermal parameters are given in Table 4.1. 
4.3 	Neutron Diffraction Study 
(a) 	Experimental 
A specimen of size 1.6 x 1.5 x 1.5 mm 3 was cut from the same 
single crystal as before (provided by Dr A Levstik), 	The experiment 
was performed at room temperature (22°C) on the Mk VI (Section 2.6). The 
b-axis of the crystal was mounted approximately along the -axis. 
The cell dimensions were measured with a calibrated wavelength, 
A = 1.1803(2) A from a Cu(1l1) monochromator and found to be 
0 	 o 	 0 
a = 4,875(3) A, b = 6.375(4) A, c = 15.057(8) A and a = 90.24(2) 0 . 
The space group of the crystal (B2 1 /m) was carefully checked. 	The 
systematically absent reflections obtained in this experiment were found 
to be consistent with those of the X-ray experiment (Section 4.2). 	A 
total of 900 reflections were measured out to sin 0/A = 0.6 A 
(0 < 450 ) for a hemisphere (±h, +k, +2w). 	The intensities of the 
equivalent reflections agreed well within three standard deviations. 
The Lorentz correction only (Section 2.8) was applied in the data (no 
absorption correction was made). 
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After averaging the structure factors of the equivalents, the 
reflections with F0 < c(F0 ) were removed from the data set, and 
remaining 395 independent reflections were used in the structure 
analysis. 
(b) Determination of the Hydrogen Atom Positions and the Structure 
Refinement 
The starting positional and thermal parameters for non-hydrogen 
atoms,Cs 9 P and 0,were taken from the X-ray refinements (Table 4.1). 
First, the positional and anisotropic thermal parameters of all 
the non-hydrogen atoms were refined in the least-squares refinements. 
As before (Section 4.2) 9 constraints were adopted for some positional 
parameters (y = 	or j for all the atoms on the mirror plane) and 
anisotropic thermal parameters (U 12 = U 23 = 0 for the atoms on the mirror 
plane) in the least-squares refinements. 	An R-index of 22% was obtained. 
From the refined parameters of all non-hydrogen atoms, three-dimensional 
Fourier difference-syntheses were computed. 	Two independent hydrogen 
atoms were located in the difference mdp; one, designated H(l) 9 in a 
special position on the mirror plane, and the other, designated H(2) 9 at 
the centre of inversion (1) between 0(3) ... 0(3') - where 0(3') and 
0(3) are related by centre of inversion. 	These hydrogen positions were 
consistent with those predicted by Uesu and Kobayashi (1976). 	Moreover, 
the hydrogen atoms H(l) and H(2) between 0(1) ... 0(2) and 0(3) ... 0(3') 
respectively were consistent with forming of hydrogen bonds, as is 
usual for such small 0 ... 0 distances. 	These two hydrogen atoms were 
refined in the least-squares refinements 	Their isotropic thermal 
parameters were estimated to be about 4 A 2 since the values for non- 
0 
hydrogen atoms were found here to be approximately 3 A2 (Jensen and 
Sundaralinqam 9 1964). 	The isotropic thermal parameters of hydrogen 
atoms, along with other positional and thermal parameters of non-
hydrogen atoms, were refined, and were found to be 3.2(2) A 2 and 
3.5(2) A 2 for H(l) and H(2) respectively. The R-index, obtained with 
unit weights was 10%. 	The above thermal parameters of the hydrogen 
atoms were converted into mean-square amplitude ii (Section 2.2). 	For 
H(1) 9 a value U = 0.04 A2 was assigned to all three principal axes 
of the thermal ellipsoid (U11 = U22 = Ii ) in the initial stages. 
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The value of thermal parameters components U 11 = U22 = U33 = 0.045 A 
were used for H(2) at this stage. 	The U 129 U 13 and U 23 for these 
hydrogen atoms were kept zero initially. 	The positional and 
anisotropic thermal parameters of all the atoms along with a scale 
factor were refined. 	A weight 	= {a (F0 ) + 0.04 F0] 
-1 
 was used 
to get 	approximately constant as a function of sin e and F0 . 
Isotropic extinction corrections were applied in the final stage of 
the least-squares refinements. 
In the above refinement, the hydrogen atom H(2) was found to have 
a markedly anisotropic thermal motion with the large amplitude directed 
approximately along the 0(3) ... 0(3') line. 	Therefore, a disorder 
model for H(2) was tried with half occupancy of two general positions 
H(2) and H(2') (see Fig 4.1) symmetrically displaced from (0 9 
along the 0(3) ... 0(3') line. 
Using the above weighting scheme and the same reflections, full-
matrix least-squares refinement for both order (H(2) at the centre of 
the 0(3) ... 0(3') bond) and disorder models were completed. 	In the 
order model, a total of 47 parameters (13 positional + 32 thermal + 
scale + extinction) were refined, whereas in the disorder model 50 
parameters (16 positional + 32 thermal + scale + extinction) were 
refined in the final least-squares refinements. 	The final R-factors 
for the order and disorder models were found to be 5% and 4.9% 
respectively. 	The weighted wR-factors for the order and disorder 
models were 7% and 6.9% respectively. 
The significance of the improvement to fit was computed from the 
finally obtained values using the wR-factor ratio-test (Hamilton, 1965). 
The improvement in fit for the disorder model was found to be significant 
at the confidence level of 97.5% (Section 2.10). 
Using the refined positional parameters of all the atoms, 
Fourier difference-syntheses were computed again. 	No positive or 
negative peaks, significantly higher or lower than the general 
background of the Fourier difference map were found. 	This suggested 
that the structure is correct. 
[3! 
The final positional and anisotropic thermal parameters (for the 
disorder model-) are given in Table 4.1. 
Using the refined positional parameters (Table 4.1) and the cell 
parameters measured by Uesu and Kobayashi (1976) (for the pseudo-
orthorhombic cell) bond lengths and bond angles were calculated. 	Some 
important bond lengths and angles are given in Table 4.2,3 
Comparison of positional and thermal parameters (Table 4.1) 
obtained from X-ray and neutron methods showed very good agreement 
between the positional parameters (a difference of approximately 
one standard deviation) but some significant differences in thermal 
parameters. 	The differences in thermal parameters can be interpreted 
as a result of not applying the absorption correction in the data and/ 
or a deficiency in the X-ray atomic scattering factors (Section 2.1). 
As the purpose of the X-ray experiment was essentially limited 
to that of a preliminary structure analysis, no extensive statistical 
comparisons of the derived parameters were made with those of the 
neutron experiment . 	All the positional and thermal parameters of 
CsH2PO4 derived from the two experiments, in the present study, 
however, were considered to have a better accuracy than those of Uesu 
and Kobayashi (1976). 
4.4 Crystal Structure. 
As there are four formula units of CsH 2PO4 in a unit cell for 
space group B2 1 /m, all the atoms, except 0(3) which is between 
two mirror planes of height y = 	and j, are in 	special positions 
(for the order model). 
Although a Cs atom is surrounded b the 10 nearest neighbour 
oxygen atoms (Cs - 0 ".. 3.105 A - 3.605 A) its coordination number 
for a coordination polyhedron around a cation - may be considered as 
eight (Baur, 1973).. 	The state of coordination around a cation, Cs, 
and coordination distances are shown in Fig 4.1. 	The average Cs - 0 
0 
distance is 3.312(4) A. 	The maximum and minimum Cs - 0 distances in 
0 
the Cs coordination polyhedra are 3.464(4) 	and 3.105(4) A 
respectively (if the coordination number is 8). 	The above range of 
Table 4.1: Final 	x-ray (X) and neutron (N) positional and thermal parameterofCsH P0 	obtained from 
room temperature data. Neutron parameters from the disordered model. 	2 4 
Atoms x y z U11 U22 U33 Ul2 U13 U23 
Cs X 0.0972(2) 1 0.1328(3) 0.0290(2) 0.0264(2) 0.0309(2) 0 0,0031(1) 0 
N 0.0965(7) j 0.1331(2) 0.0304(16) 0.0334(18) 0.0337(17) 0 0.0043(2) 0 
X 0.5900(2) 0.1188(2) 0.0133(4) 0.0248(5) 0.0200(5) 0 -0.0014(4) 0 
N 0.5899(6) j 0.1187(2) 0.0151(15) 0.0372(20) 0.0212(14) 0 0.001(10) 0 
0 1 ( 	) 
X 0.8090(7) 0.1957(2) 0.0188(14) 0.0402(20) 0.0178(12) 0 -0.0034(11) 0 
N 0.8091(6) j 0.1955(2) 0.0201(18) 0.0498(21) 0.0209(14) 0 -0.0018(10) 0 
0 2 ( 	) 
X 0.3142(7) 0.1612(3) 0.0133(15) 0.0720(33) 0.0400(21) 0 0.0032(15) 0 
N 0.3152(6) j 0.1613(2) 0.0168(15) 0.0762(29) 0.0473(18) 0 0.0047(12) 0 
0 3 ( 	) 
X 0.6454(6) 0.5537(5) 0.0632(2) 0.0405(14) 0.0363(15) 0.0437(15) 0.0133(13 -0.0127(12) -0.0156(13) 
N 0.6454(6) 0.5530(5) 0.0633(2) 0.0451(16) 0.0429(16) 0.0464(16) 0.0107(1 -0.0132(12) -0.0182(12) 






































* Positional and thermal parameters are given in fractional coordinates 
0 
and A 2 respectively. 
® c  00 o p G H 
Fig 4.1 	A projection of the crystal structure of CsH 2PO4 
(showing two unit cells) on to the a-c plane. 
The donor and acceptor distances of the hydrogen 
bonds are shown by thin and dotted lines respectively. 
Atomic heights are given beside the atom in fractiona 
coordinates. 	The Cs-O coordination with distances (A) 
is also shown. 
Cs - 0 distances is consistent with that quoted in the International 
Tables for X-ray Crystallography, Vol 111 9 p 201 9 (1974). 
The P0 group of CsH Pa is slightly distorted. 	The maximum and 
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minimum P - 0 distances are 1.57(1) 	and 1.49(1) A respectively 
(Table 4.2). 	The average P - 0 distance is 1.532(1 A, which is very 
close to the expected average P - 0 distance (1.537 A) of a PO 4 group 
quoted by Baur (1970). 	The phosphorus tetrahedron angles (0-P-0) 
are also distorted. 	The average 0-P-0 angle is about 110 ° . 	The 
individual variation in tetrahedral angles is also whithin expectation 
(Baur, 1970). 	The larqest and smallest tetrahedral angles are 113.3(2) 0 
and 106.2(2) 0 respectively. 
In the unit cell of the CsH 2PO4 structure, there are two 
independent hydrogen bonds; 0(1) - H(l) ... 0(2) is asymmetric, 
whereas the other, 0(3) - H(2) - 0(3'), is symmetric and very short 
(Table 4.3). 	The hydrogen bonds 0(1) - H(l) .., 0(2) in the mirror 
planes link phosphorus tetrahedra in an infinite chain along the a- 
axis. 	These chains are then cross-linked to similar chains by the 
0(3) - H(2) - 0(31) or 0(3) - H(2) - H(2) - 0(3') bonds. 
The phosphorus tetrahedra of CsH 2PO4 are separated by - along 
the b-axis (Fig 4.1), and are connected by hydrogen atoms H(l) in an 
infinite chain along the a-axis. 	The most interesting feature of this 
structure is that 	p04-H linkages are continuous along 	the 
a- and b-axes; along the c-axis they are discontinuous. 
Very recently, strongly structured quasi-elastic scattering in 
the paraelectric phase-of CsD 2PO4 has been investigated by Semmingsen, 
Ellenson, Frazer and Shirane (1977), and has been found to be typical 
of a one-dimensional system with chain-like ordering along a direction 
that corresponds to the b-axis,Seruiiingsenet al (1977). 	The evidence 
of the structured quasi-elastic scattering in CsD 2PO4 strongly supports 
the disordering of the hydrogen atoms. 
The disordered hydrogen atoms link the phosphorus tetrahedra into a-b 
sheets which are not bonded to adjacent sheets along c, and the, sequence of 
0 
Table 4.2 	Some important bond lengths (in A) and angles (in degrees) for an independent tetrahedron. 
P - 0 distances 	 0 ... 0 distances 	 0 - P - 0 angles 
Bonded atoms Bond distances Bonded atoms Bond distances Bonded atoms Bond angles 
P - 	0(1) 1.57(1) 0(1) 	... 0(2) 2.46(1) 0(1) 	- P - 0(2) 107.1(2) 
P - 0(2) 1.49(1) 0(1) 	... 0(3) 2.48(1) 0(1) 	- P - 0(3) 106.2(2) 
{ 	=0(2) 	... 0(4)} { =0(1) 	- P - 	0(4)} 
P - 0(3) 1.533(4) 0(2) 	... 0(3) 2.52(1) 0(2) 	- P - 0(3) 113.3(2) 
{=P - 0(4*)} { 	=0(2) 	... 0(4)} { =0(2) 	- P - 0(4)} 
0(3) 	... 0(4) 2.513(4) 0(3) 	- P - 0(4) 110.1(2) 
* 0(4) is the mirror image of 0(3) 
Table 4.3 : The geometry of the two independent hydrogen bonds of CsH 2PO4 
0 
at room temperature. 	The bond distances and anqies are in A 
and degrees respectively. 
0(1) 	- 	H(l) 	. 0(2) 0(3) - 	H(2) 	- 	H(2') 	- 0(3') 
Distances 
0(1) 	- 	H(l) 0.995(7) 0(3) - H(2) 1.00(2) 
H(2) - 	H(2') 0.48(4) 
H(l) 	... 	0(2) 1.530(7) H(2) - 	0(3') 1.46(2) 
0(1) 	... 	0(2) 2.521(7) 
0(3) .,. 	0(3') 2.46(1) 
Angles 
0(1) 	- 	H(l) 	... 	0(2) 173.2(5) 0(3) - 	H(2) 	... 	0(3') 174(4) 
63 
disordered hydrogen bonds run along the b-axis, as below 
P 	 p 
/\ 
0(3)-H(2)-H(2')-0(3') 	0(3)-H(2)-H(2')-0(3') 	0(3)-H(2)-H(2')-0(3') 
Following up the study of quasi-elastic scattering, Semmingsen 
and Thomas (1978) have collected complete three-dimensional neutron- 
diffraction data for CsH P0 and CsD P0 in the paraelectric and 2 4 	2 4 	 '° 
ferroelectric phases. 	The resolution of their data (sin e/X = 0.8 A 	) 
was comparatively higher than that of the present study (sin e/X = 0.6 A 
The disordering of the hydrogen atom, H(2) 9 (found in the present study) 
has been confirmed with their high resolution data. 	At room temperature, 
the hydrogen bond 0(3)-H(2)-H(2')-0(3') is 2.46(1) A long, which shows 
that the bonding is very strong. 	The detailed geometry of the hydrogen 
bonds is given in Table 4.3. 
In the ferroelectric phase, the hydrogen atom H(2) was found to be 
ordered (Semniingsen and Thomas, 1978). 	The cell parameters are 
0 	 0 	 0 	 o a = 7.899(3) A 9 b = 6.294(3) A 9 c = 4.898(2) A and 	= 108.50(3) 
The space group of CsH 2PO4 in the ferroelectric phase was found to be P2 1
1 
The crystal structure and phase transition mechanism of CsH 2PO 4 and 
CsD2 PO 4 are reported to be very similar. 	As in KH 2P049 ordering of 
the protons accompanied by an increase in length of the bond 
0 
0(3) - H(2) - 0(3') by 0.2 A were observed (D. Semmingsen 9 Private 
Communication, 1978). 
From Table 4.1 9 it is quite clear that some of the atoms of the 
crystal structure of CsH 2PO49 such as 0(l). 	0(2) and P 9 have very 
anisotropic vibrational behaviour perpendicular to the mirror plane. 
The same feature of the thermal vibrations of the atoms along the b- 
axis for the above atoms was also found by Semmingsen and Thomas (1978). 
It is possible that these atoms might also be disordered. 	No attempts 
have been made to study the disordering of these atoms with the low-
resolution data of the present study. 
CWEtPTcQ 
STRUCTURAL STUDY OF NaH 2PO4 
5.1 	Introduction 
In spite of being a member of the monoclinic dihydrogen phosphate 
family, sodium dihydrogen phosphate NaH 2PO4 displays no close similarities 
in physical properties and presumably crystal structure with those of 
the other members. 	For example, ferroelectric properties were found 
in T1H 2PO4 and CsH 2PO4 compounds (Sections 3.1.and 4.1) but not in 
NaH 2PO4 (Keller and Lehmann, 1934; and Montagner 9 Bot and Allain 9 1952). 
Montagner et al (1952) measured the dielectric constant of this compound 
over a wide temperature range (80-290 0 K) 9 but did not observe any anomaly. 
In 1958 9 Blinc and Hadzi examined the hydrogen bonds of many compounds, 
including NaH 2PO4 and monoclinic KD2PO4 (see Section 6.1) in their infra-
red studies. 	Theyohserved some similarities in the spectrum of both 
these compounds. 	They also reported that these compounds have short 
asymmetric hydrogen bonds. 
Although the physical properties and hydrogen bonding of NaH 2PO4 
were examined a long time ago, its crystal structure was unknown until 
recently. 	In view of the interest in hydrogen bondings in NaH 2PO49 
Catti and Ferraris (1974) have examined the crystal structure of this 
compound from three-dimensional X-ray data. 	From the refined 
positional parameters of all non-hydrogen atoms, they computed 
Fourier difference-syntheses. 	The hydrogen atom positions obtained 
from the difference map were reported. 	All the hydrogen bonds, even 
the shortest one, R = 2.500(2) 	were found to be asymmetric. 	To 
compare the crystal structure of monoclinic dihydrogen phosphates, a 
single-crystal neutron-diffraction experiment was carried out at 
room temperature. 
5.2 	Experimental 
A colourless crystal of size ".i2 x 2 x 2 mm 3 was kindly provided 
by Dr M.Catti 9 Institute of Minerology and Geochemistry, University of 
Turin, Italy. The experiment was performed on the diffractometer9 
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Mk VI (Section 2.6). 	The c-axis of the crystal was mounted approximately 
along the qraxis of the diffractometer. 	A wavelength of 1.1803(3) A, 
calibrated from a standard KC1 crystal, was obtained from a Cu(lll) 
monochromator. 	The measured cell parameters of NaH 2PO4 agreed within 
a standard deviation with those of Catti and Ferraris (1974). 	Their 
values are 
0 	 0 	 0 
a = 6.808(2) A, b = 13.491(3) A, c = 7.331(2) A and 	= 92.88(2) ° . 
This cell contains eight formula units (Z = 8), 	The space group P2 1 /c 
reported by Catti and Ferraris (1974) from the X-ray experiment was 
checked carefully on the basis of the systematic absences. 	A total of 
1765 reflections (two equivalentsin general) were measured for a 
hemisphere (+h, ±k, -2w) out to sin 0/X = 0.54 	(1 < 20 < 800 ). 
A standard reflection (040) was measured after every 15 reflections, 
and was found to be stable within a standard deviation. 	As the intensities 
of the symmetry-related reflections agreed well within two standard 
deviations, no absorption corrections were applied in the data. 	The data 
were Lorentz-corrected only. 
After averaging over the symmetry-related reflections, a total of 
900 independent reflections were obtained. 	The intensities of 221 
reflections were found to be less than an estimated standard deviation. 
These reflections were removed from the data set, and the remaining 679 
reflections were used in the structure analysis. 
5.3 Location of Hydrogen Atoms and Structure Refinement 
The starting positional and anisotropic thermal parameters were taken 
from the X-ray refinement reported by Catti and Ferraris (1974). 	All the 
positional and anisotropic thermal parameters of non-hydrogen atoms (36 
positional and 72 thermal) together with a scale factor were refined in 
five cycles of the full-matrix least-squares refinements. 	In the last 
cycles of refinement, the R-index was 24%. 	All the atoms were designated 
as by Catti and Ferraris (1974). 
From the refined positional parameters of all non-hydrogen atoms 
(obtained from the last cycle of refinement), three-dimensional Fourier 
difference-synthesis (Section 2.4) were computed. 	Four independent 
hydrogen atoms were found in the difference map, constituting four 
independent hydrogen bonds. 	All these hydrogen atom positions were 
found to be consistent with those of Catti and Ferraris (1974). 
The positional and anisotropic thermal parameters of all atoms 
were then refined using unit weights. 	An R-index of 5.5% was 
obtained in the last cycle of refinement. 	A weighting scheme, 
= (a(F0 ) + 0.04 	was used to obtain an approximately 
constant 	as a function of sin 0 and F 0 . 	Finally, the full- 
matrix least-squares refinements were completed with the above 
weighting scheme and an isotropic extinction correction. 	In the 
last cycle of the least-squares refinement, a total of 176 parameters 
(48 positional and 96 thermal parameters, a scale and an extinction 
parameter) were refined. 	The final R-index was 5.2%. 	The refined 
positional and thermal parameters are given in Tables 5.1 and 5.2 
respectively. 
As a check on the correctness of the crystal structure a Fourier 
difference-synthesis was computed again from the final positional 
parameters. 	No peaks significantly higher or lower than 
the general background were found. 	Hence, it was concluded that the 
structure is correct. 
5.4 	Crystal Structure 
The crystal structure of NaI-1 2PO4 can be described in terms of 
layers parallel to (xz) planes along the b-axis. 	There are eight 
phosphorus and eight sodium atoms in a unit cell. These atoms are 
distributed on four different layers perpendicular to the b-axis. 	All 
these layers are separated by about b/4. 
	
There are two independent phosphorus tetrahedra. 	The average 
P-a distances in these two phosphorus tetrahedra are 1.540(6) A and 
1.540(5) A respectively (Table 5.3). 	The first tetrahedron P(l) 
is distorted and the maximum P-0 distance is 1.590(6) A. 	The smallest 
P-a distance for the P(l) tetrahedron is 1.482(6) 	This tetrahedron 
has only three oxygen atoms which participate in the hydrogen bonding. 
The deviation in individual tetrahedral angles from the average value 
was found to be as expected (Baur, 1970). 	The largest and smallest 
tetrahedral angles of the above phosphate tetrahedron are 1l8.4(3) ° 
and 104.2(3) 0 respectively (Table 5.3). 	It is noted that 
the average P-U distance for both tetrahedra (Table 5.3) is in very 
Table 5.1: The refined positional parameters of NaH2PO4 
(in fractional coordinates) 
ATOM x y z 
Na(l) 0.8613(7) 0.4005(4) 0.0013(9) 
Na(2) 0.3541(5) 0.3947(4) 0.2673(9) 
P(l) 0.3304(5) 0.3693(3) 0.8570(5) 
P(2) 0.8275(5) 0.3697(2) 0.5123(5) 
0(1) 0.2475(4) 0.2772(2) 0,7172(5) 
0(2) 0.5223(4) 0.3394(3) 0.9777(5) 
0(3) 0.2026(4) 0.4273(2) 0.9756(5) 
0(4) 0.4081(6) 0.4432(3) 0.7093(6) 
0(5) 0.9221(5) 0.2696(2) 0.5796(6) 
0(6) 0.8523(5) 0.4476(2) 0.6615(5) 
0(7) 0.9314(5) 0.4040(3) 0.3393(5) 
0(8) 0.6113(4) 0.3471(2) 0.4672(5) 
 0.5508(8) 0.2665(5) 0.9764(9) 
 0.4872(10) 0.4055(5) 0.6210(11) 
 1.0544(10) 0.2738(4) 0.6527(10) 
 1.0074(11) 0.4710(6) 0.3457(10) 






U 12 U 13 U 23 
 0.020(3) 0.018(3) 0.029(4) -0.001(2) -0.002(3) 0.008(2) 
 0.034(3) 0.028(3) 0.011(3) 0.005(2) -0.015(2) -0.001(2) 
P(l) 0.012(2) 0.015(2) 0.017(2) 0.001(1) -0.003(1) 0.001(1) 
P(2) 0.013(2) 0.010(2) 0.022(2) -0.004(1) -0.006(1) -0.001(2) 
0(1) 0.017(7) 0.018(2) 0.024(2) 0.001(1) -0.013(1) -0.004(1) 
0(2) 0.014(2) 0.017(2) 0.025(2) -0.001(1) -0.009(1) 0.002(1) 
0(3) 0.015(2) 0.016(2) 0.025(2) 0.003(1) 0.002(1) -0.003(1) 
0(4) 0.030(2) 0.019(2) 0.026(2) 0.006(1) 0.008(2) 0.008(1) 
0(5) 0.020(2) 0.013(2) 0.033(2) -0.004(1) -0,011(2) 0.008(1) 
0(6) 0.022(2) 0.019(2) 0.019(2). -0.008(1) -0.001(1) -0.002(1) 
0(7) 0.028(2) 0.017(2) 0.018(2) -0.004(2) 0.002(1) -0.001(1) 
0(8) 0.014(2) 0.017(2) 0.024(2) -0.002(1) -0.006(1) -0.001(1) 
 0.031(3) 0.026(4) 0.036(4) 0.002(3) -0.009(3) 0.005(3) 
 0.039(3) 0.032(3) 0.028(4) 0.003(3) 0.009(3) 0.002(3) 
 0.032(3) 0.028(3) 0.032(4) 0.004(2) -0.010(3) 0.005(3) 
11(4) 0.040(3) 0.049(5) 0.028(4) 0.012(4) 0.004(3) 0.002(3) 
0 
Table 5.3: Bond lengths (in A) and bond angles (in degrees) for the 
two independent phosphorous tetrahedra calculated from 
the final positional parameters of NaH2 PO4 . 
* denotes the oxygen atoms directly connected to the 
hydrogen atoms. 
U denotes the unbonded oxygen atoms. 
1 and 2 denote theoxygen atoms participating in 1 or 2 
H-bonds. 
P(l) 	Tetrahedron p(2) Tetrahedron 
Bonded atoms Bond length! Bonded atoms Bond length/ 
angles angles 
P(l) 	- 0(1) 1 1,504(6) P(2) 	- 0(5) 1.567(5) 
P(l) 	- 0(2) * 1.590(6) P(2) 	- 0(6) 1 1.518(5) 
P(l) 	- 0(3) U 1.482(6) P(2) 	- 0(7) * 1.553(5) 
P(1) 	- 0(4) * 1.585(6) P(2) 	- 0(8) 2 1.523(5) 
Average 1.54O(6) Average 1.540(5) 
0(1) 	- 0(2) 2.509(5) 0(5) 	- 0(6) 2.465(5) 
0(1) 	- 0(3) 2.565(5) 0(5) 	- 0(7) 2.531(5) 
0(1) 	- 0(4) 2.537(5) 0(5) 0(8) 2.464(5) 
0(2) 	- 0(3) 2.478(4) 0(6) 	- 0(7) 2.518(5) 
0(2) 	- 0(4) 2.506(6) 0(6) 	- 0(8) 2.514(5) 
0(3) 	- 0(4) 2.467(6) 0(7) 	- 0(8) 2.534(5) 
Average 2.510(5) Average 2.504(5) 
0(1) 	- P(1) 	- 0(2) 108.4(3) 0(5) 	- P(2) 	- 0(6) 109.9(3) 
0(1) 	- P(1) 	- 0(3) 118.4(3) 0(5) 	- P(2) 	- 0(7) 108.5(3) 
0(1) 	- P(1) 	- 0(4) 110.4(3) 0(5) 	- P(2) 	- 0(8) 105.8(3) 
0(2) 	- P(1) 	- 0(3) 107.5(3) 0(6) 	- P(2) 	- 0(7) 110.1(3) 
0(2) 	- P(1) 	- 0(4) 104.2(3) 0(6) 	- P(2) 	- 0(8) 111.5(3) 
0(3) 	- P(1) 	- 0(4) 107.1(3) 0(7) 	- P(2) 	- 0(8) 110.9(3) 
Average 109.3(3) Average 109.5(3) 
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good agreement with the average P-0 distance (= 1.537 A) quoted by 
Baur (1970). 
The second phosphorus tetrahedron, P(2) , seems more regular and 
0 
the average P-U distance was found to be 1.540(5) A, which is equal to 
that of the P(1) tetrahedron, 	Oneoxygen atom, 0(8), 	- 
serves as an acceptor for two hydrogen bonds (Fig 5.1 and Table 5.4). 
The largest and the smallest P-0 distances of this tetrahedron are 
1.567(5) OA and 1.518(5) R respectively. 
All the four independent hydrogen bonds of the NaH 2PO4 structtIie-.. 
are asymmetric and symmetry-free. 	Even the shortest one, 
0(7) - H(4) ,.. 0(6,2) 	(Table 5.4),is symmetry-free. 	Such short 
symmetry-free hydrogen bonds, however, are not unusual, and are found 
in many compounds(Kvick et al, 1974). 
The shortest hydrogen bond (Table 5.4) of the NaH 2 PO4 structure 
connects the two PO4 groups which are related by the centre of 
symmetry (see Figure 5.1), 	The two PO4 groups which are linked by the 
two equivalent short hydrogen bonds form a kind of 'dimeric' unit. 
These cenrosymmetric hydrogen bonds, 0(7) - H(4) ... 0(6,2) VI= 
2.485(5) A, together with the two facing equivalent edges of the 
tetrahedra of length 0(6) ... 0(7) = 2,518(5) A, form a rough square 
[L0(6) - 0(7) ... 0(692)\fl9 92 °1 . The detailed arrangement of the 
hydrogen bonds is shown in Fig 5.1 
Each of the four layers mentioned above contains two of the four 
independent hydrogen bonds. 	The hydrogen bonds,0(5) - H(3) ... 0(l) IV  
and 0(4) - H(2) ... 0(8),link the two PO 4 groups in chains along the 
directions about [2011 and [Tol] respectively (Fig 5.1). 	The other 
two independent hydrogen bonds, 0(2) - H(1) ... 0(8,4) and 
0(7) - H(4) ... 0(6,2), tie each layer of PO4 groups to the two 
contiguous ones, approximately along the b-axis. 
The Na(l) atom is surrounded by six oxy en atoms (Fig 5.2) with 
a maximum and minimum distance of 2.568(6) A and 2.368(6) 
respectively. 	Thus the coordination polyhedron is roughly octahedral. 
0 




CH 0 0 
Fig 5.1 	
A projection of the crystal structure of NaH PO on to the 
a-c plane. 	Atomic heights (in frac
tional corinateS) are 
given beside the atoms. 	
The designation of atoms is given 
inside the circles. 	
The donor and acceptor distances 
of hydrogen bonds are shown by thin and dotted lines 
respectively. 
Table 5.4: Hydrogen bond geometry in NaH2PO4 from neutron 
0 
diffraction data. Bond distances are given in A 
and angles in degrees. The following convention is 
used: a single figure in parentheses denotes an atom 
of the assymetric unit, 	a second figure ranging 
from 2 to 	is included for atoms in the positions: 
37 	; +( 	+ y 	- z). Roman numbers represent 
transations: I -c; II +a +b 9 -i-c; III +a -C; 
IV,-i-a; V 	-a; VI 	+2a 	-i-b, -i-c. 
Bonded atoms 0 - H H 	,.. 	0 0 	... 	0 0 	- 	H 	... 	0 
distances distances distances angles 
0(2) 	- H(l) 	... 0(8,4) 1.003(7) 1.590(7) 2.591(5) 175.6(6) 
0(4) 	- ... 0(8) 1.007(9) 1.644(8) 2.644(5) 177.0(7) 
0(5) 	- ... 0(1)''' 1.026(8) 1.524(7) 2.550(5) 177.6(7) 
0(7) 	- ... 0(6,2)\F1 1.040(9) 1.459(8) 2.485(5) 167.7(7) 
0 
TABLE 5.5: Bond lengths (in A) and bond angles (in degrees) 
for two independent Na coordination polyhedra 
(Neutron results). 	The symbols here are also 
defined as in Tables 5.1 and 5.4. 
(Na ) coordination polyhedra 	(Na 2 ) 	coordination poly- 
1 	 hedra 
Participating 	Bond 	Participating 	Bond 
atoms 	 distances 	atoms 	 distances 
Na(l) 	- 0(7) 2.501(7) Na(2) 	- 0(8) 2.317(7) 
Na(l) 	- 0(3)I11 2.368(6) Na(2) 	- 0(2)I 2.573(7) 
Na(l) 	- 0(6)1 2.568(6) Na(2) 	- 0(3)1 2.369(7) 
Na(1) 	- 0(2)I 2.448(6) Na(2) 	
- 0(632)U 
2.617(7) 
Na(1) 	- 0(32)11 2.371(6) Na(2) 	- 0(42)U 2.721(7) 
Na(l) 	- 0(5 9 4)' 2.396(6) Na(2) 	- 0(1 9 4) 2.430(7) 
Average 2.442(6) Average 2,504(7) 
Na(2) 	- 0(7)Y 	= 2.954(7) 
a, 
Fig 5.2 	The three-dimensional crystal structure of NaH 2PO4 . 	The 
coordination polyhedra of Na atoms are shown for the asymmetric 
unit cell. 	The dashed lines show the hydrogen bonds investigated 
by Catti and Ferraris. 
(After Catti and Ferraris 1974) 
coordination polyhedron (if the coordination number is 6) 9 the largest 
Na(2) - 0 distance is 2.721(7) A (Table 5.5 and Catti and Ferraris, 
1974). 	The average Na(2) - 0 distance is 2.504(7) A. 	The chain 
of sodium octahedra can be observed parallel to the chain of PO 4 
groups along the x-axis (Fig 5.2). 	In these chains Na(l). and Na(2) 
octahedra alternate and are linked by oxygens 0(2) and 0(3). 
0 
On the basis of maximum expected bond distance Na-O = 3.13 A 
(Donnax and Allmann 9 1970) 9 Catti and Ferraris (1974) have reported 
that 	Na(2) can also be associated with the 7th oxygen, 0(7) 9 
[ Na(2) - 0(7) = 2.954(7) A] because 0(7) falls within this coordination 
distance. 	Thus, the Na(2) atom may be coordinated with seven oxygen 
atoms. 
The positional coordinates of non-hydrogen atoms derived from the 
X-ray (Catti and Ferraris, 1974) and neutron-diffraction (present study) 
studies on single crystals, were compared and the differences in 
positional coordinates  on the average 9are of about one estimated 
standard deviation (of the present study). 	Positional and thermal 
parameters of the hydrogen atoms derived from X-ray data (Catti and 
Ferraris, 1974) differ significantly (up to ten standard deviations) 
from those derived from the neutron data of the present work. 	The 
difference in thermal parameters obtained from the two methods could be 
due to inadequacy of the X-ray scattering factors (Section 2.1) and/or 
not applying the absorption corrections in the data. 
we 
CHAPTER 6 
COMPARATIVE STRUCTURAL STUDIES OF MONOCLINIC DIHYDROGEN PHOSPHATES 
6.1 	Introduction 
The crystal structures of the monoclinic dihydrogen phosphates of type 
MH2 PO4 (M = Ti, Cs, Na; and KD 2 PO4 ) will be compared in this chapter. Since 
monoclinic KD2 PO 4 has not been studied in the present work, a few points 
about its structure and physical properties will be given here in the light 
of the published works before the detailed comparison will be made. 
When 	hydrogen atoms (H) of hydrogen-bonded crystals are replaced by 
deuterium (D) atoms, normally very small changes in the structural parameters 
are observed ( 	Section 1.4). However, when the H atoms of KH 2 PO4 were 
replaced by 0 atoms a new form was obtained, completely different from 
tetragonal KH2 PO4 (Ubbelohde and Woodward, 1939). Ihis new form was shown to 
be monoclinic with lattice parameters: a = 7.13(1)A 9 b = 14.73(1)A 9 
c = 7.17(1)A and a = 92,00, 	The lattice constants of tetragonal KH 2 PO 4 
are: a = 7.452(1)A and c = 6,973(2)A 	(see Table 6.1). This monoclinic 
KD2 PO4 has eight formula units whereas tetragonal KD2 PO4 has only four (in 
the above unit cells). It was found that this monoclinic form of KD2 PO4 is 
unstable when it is exposed to air, and converts into the tetragonal form. 
Recently Blinc, Burger, Cizikov, Levstik, Kadaba and Shuvalov (1975) have re-
ported that a stable phase of monoclinic KD 2 PO4 can be obtained with a very 
high value of x ( 0.99) in K(DXH1X)2PO4.  Furthermore, with a lower level 
of x(>0.80), monoclinic KD 2 PO4 can also be obtained on heating the tetra-
gonal form (Grunberg, Levin, Pelah and Wiener, 1967; Grunberg, Levin, Pelah 
and Gerlich, 1972; and Blinc, O'Reilly, Peterson and Williams, 1969). 
Similarly there is a monoclinic phase of Rb (DxHlx)2PO4  at high deuteration 
and high temperature. The probable phase diagrams for these two related 
systems have been shown in Fig. 6.1 
The crystal structure of monoclinic KD 2 PO4 at room temperature was first 
determined by Nelmes (1972) from three-dimensional X-ray data. The deuterium 
atoms were accurately located by Thornley, Nelmes and Rouse (1975) from room-
temperature neutron data. The crystal structure of the high-temperature 
monoclinic K0 2 PO 4 phase was examined by Tomas, Benoit, Herpin and Mercier 
(1974) using X-ray diffraction data collected at 386 0K. In their study, they 
found essentially the same atomic parameters of K, P and 0 as the room-tempera-
ture monoclinic KD 2 PO 4 determined by Nelmes (1972). This shows the similarity 
in the structures of the room-temperature and high-temperature phases. 
Table 6.1 	Comparison of crystal data (at room temperature) of monoclinic dihydrogen phosphates MH 2PO4 
(M = Tl Cs Na;and highly deuterated KD 2PO4 ) and tetragonal KH 2PO4 , 	The number of formula unit 
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Fig 6.1 	Probable phase diagrams of the Rb(D Hl -x)2 PO 4 and 
• K(DX Hl-x)2 PO 4 systems. 	The possible region of 
monoclinic phase with different deuteration levels in 
both compounds has been shown in the diagrams. 
(After Kennedy, 1977) 
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Recently Blinc, Burger, Cizikov, Kadaba and Shuvalov (1975) have studied the 
dielectric properties of monoclinic KD 2 PO 4 between -155°C and 22° C, and a di-
electric anomaly along the b-axis was found at 0°C (on heating) and -25 °C 
(on cooling). At -60 0C, another anomaly was also found along the c-axis 
which is approximately the same as the tetragonal -orthorhombic ferroelectric 
transition (see Section 6.5). The transition at 0 °C and -250C was con-
sidered as tetragonal-monoclinic transition of first order. 
The crystal data for the monoclinic dihydrogen phosphates of type MH 2 PO4 
(M = Ti, Cs, Na, and K in KD 2 PO4 ) and tetragonal KH 2 PO4 at room temperature 
are compiled and compared in Table 6.1. On the basis of some similarities 
in the crystal data, crystal structures and physical properties, the mono-
clinic dihydrogen phosphates of the present study (including KD 2 PO4 ) can be 
divided broadly into two groups: A and B. Group A consists of TH 2 PO4 and 
CsH 2 PO4 whereas group B consists of NaH 2 PO4 and KD2 PO4 . 
6.2 Group A. 	Comparison of the T1H2 PO4 and CsH2 PO4 Structures 
As can be seen in Table 6.1, the smallest, the intermediate and the 
longest axis of the pseudo-orthorhombic cell in T1H 2PO4 and CsH 2 PO4 are 
closely simila, However, the unique axis, b, in Ti H 2 PO4 is the smallest one 
(ie, 4.518(6)A) whereas that in CsH 2 PO4 is the intermediate one (ie, 
6,3689(1)A). Both structures are centrosymmetric, and have the same number 
of formula units in their pseudo-orthorhombic unit cell (ie, Z = 4). 
The crystal structures of both T1H 2 PO4 and CsH2 PO4 may be described in 
terms of PO 
4
-Hnetworks. It is also helpful to describe these two structures 
in terms of parallel layers of metal and phosphate ions - perpendicular to 
the longest axis, because similar layers are found in the monoclinic NaH 2 PO4 
and KD2 PO4 structures ( 	Section 6.3). 
For comparison, equivalent views of the T1H 2 PO4 and CsH2 PO4 structures 
have been shown in Fig 6.2. The structures have been projected down the 
axis of intermediate length with the longest axis up the page. The infinite 
straight chains of ... PO 4-H-PO4-H-PO4 ..., (as shown by arrow, -'-, in Fig 
6.2) can be seen in both cases running from left to right along the smallest 
axis. These chains are cross-linked by short centrosymmetric hydrogen bonds 
to similar parallel chains, to form puckered sheets perpendicular to the 
longest axis. It is interesting to note that in both structures, these 
puckered sheets are not bonded to the adjacent sheet along the longest axis. 
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F .igZ Comparison of the crystal structures of (a) T1H2 PO4 (projected on to the a-b plane) 
and (b) CsH 2PQQ  (projected on to the a-c plane) 
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similar parallel layers, containing the metal and phosphate ions which are 
perpendicular to the longest axis and separated by about j of the longest axis. 
The metal atoms of CsH2 PO4 are found in a special position on the mirror 
plane of the B2 
1 /m space group (Fig 6.2 and Table 4.1) whereas those of 
TIH2 PO4 are very close to a special position on the mirror plane of the C2/m 
pseudo-symmetry (Chapter 3). Although the location of these metal ions in the 
unit cell of both structures is apparently similar, a significant displacement 
of either Tl orCs atoms is required to match the metal ion positions completely. 
Both structures have only one independent PO 4 group. The PO 4 group of 
the Tl.H 2 PO4 structure is much more regular than that of the CsH 2 PO4 structure 
( 	Tables 3.3 and 4.2 9 and Fig 6.2), Although the PO 4 groups of both the 
structures are linked by asymmetric hydrogen bonds forming one-dimensional 
chains along the smallest axis (as shown by the arrow, - in Fig 6.2) 9 the 
oxygen atoms involved (ie, 0(1) and 0(2) in CsH 2 PO4 ;and 0(3) and 0(4) in 
TlH 2 PO4 ) are coplanar with the bonding H atom and the P atom in CsH 2 PO49 but 
not so in T1H 2 PO 4 . 
In the CsH 2 PO 4 structure, both independent hydrogen atoms, H(l) and H(2), 
are found to be in special positions at two different site-symmetries, and in 
asymmetric and symmetric hydrogen bonds respectively. In T1H 2 PO
41  unlike 
CsH 2 PO4 , there are three independent hydrogen atoms at two different site 
symmetries. The hydrogen atoms, H(l) and H(2), which are on a centre of 
inversion, form very short hydrogen bonds; and H(3), which is in a general 
position, formsasymmetric or quasi-symmetric hydrogen bonds. 
As has been argued in Sections 3.5 and 4.4, the hydrogen atoms belonging 
to the short symmetric hydrogen bonds in 	thestructures T1H 2 PO4 (ie, 0(1) - H(1 
0(1) and 0(2) - H(2) - 0(2)) and CsH 2 PO4 (ie 0(3) - H(2) - 0(3')) are pro-
bably disordered. The asymmetric hydrogen bonds of both the structures run 
along the smallest axis. The location of the hydrogen atoms in the bonds in 
T1H 2 PO4 , however, is different from that in CsH 2 PO4 : the donor and acceptor 
distanc8s are 1 .l4(lA and 1 .36(1 )A respectively in T1H 2 PO4 whereas they are 
1.00(1)A and 1.53(1)A respectively in CsH 2PO4 (see Table 6.2). 
Group B: Comparison of the NaH 2 PO4 and Monoclinic KD2PO4 Crystal Structures 
The cell dimensions of the NaH 2 PO4 and KD2 PO4 structures are similar 
( 	Table 6.1). The longest axis of the unit cell ( ie, the b-axis) is 
the unique axis in both cases. These two compounds have cent rymmetrical 
and non-centrosymmetrical structures respectively, and have the same number 
of formula units in their primitive unit cell ( ie, Z = 8). 
Like T1H 2 PO4 and CsH 2 PO4 , the crystal structures of NaH 2 PO4 and KD2PO4 
® © O 0 a Kw ,, .© 
) 
L
4) O P 	D 
	
(d) 	
° H 0 0 
(b) 
Fig 6.3 	Comparison of the crystal structure of (a) KD
2PO4 and (b) NaH2PO4  (both projected on to the 
a-c plane). 	The atomic heights are given beside the atoms. 	 - 
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may also be described in terms of (i) PO 
4-Hnetworks and (ii) layers of metal 
and phosphate ions perpendicular to the longest axis. 
Equivalent views of the two structures. NaH 2 PO4 and KD2 PO4 , have been 
drawn in Fig 6.3. Both structures have been projected onto the a - c plane 
( ie, looking down the axis of the longest length, b-axis here). 	Three- 
dimensional networksof PO 4 -N arefound in both the structures. 
From the locations of the K/Na and P atoms in the unit cells of the 
KD2 PO4 and NaH 2 PO 4 structures it can be seen that these atoms are found 
approximately on parallel layers - perpendicular to the longest axis and 
separated by 1/4 of its length ( ie9 
As can be seen in Fig. 6.3 9 the PO4 groups of both the structures are 
linked only by asymmetric hydrogen/deuterium bonds throughout the structure. 
There are two independent PO  groups in the centrosymmetric NaH 2 PO4 structure 
whereas there are four in the non-centrosymmetric structure KD 2 PO4 . The P-O 
bonds of both structures may be broadly divided into two groups: the first 
group (which is marked with * in Table 5.3, and in Table 2 of Thornley et 
al 	1975) has the 0 atoms bonded directly to the hydrogen/deuterium atoms 
as donors; the second group has oxygen atoms participating as acceptors in 
either one or two deuterium bonds, or else unbonded. The average P-0 dis-
tances of the &irst and seco8d groups in the NaH2 PO4 structure were found 
to be 1.574(5)A and 1.506(5)A respectively ( 	Table 5.3), 	In KD2PO4 , 
the first and second groups have an average P-0 distance of 1.573(1) 
and 1.501(1) A respectively (Thornley et al). 
There are a total of eight Na/K and P atoms in the unit cell of both 
structures. Although these atoms are equally distributed on the four 
parallel layers perpendicular to the longest axis ( ie, 2 Na/K and 2 P on 
each layer), their locations in the unit cells are different. Again, 
like the PO  groups, large displacements or rearrangements are required to 
match the Na/K and P arrangements of the two structures completely. 
There are a total of 16 hydrogen/deuterium bonds in the unit cell of the 
NaH 2 PO4/KD2 PC4 structures. In NaH 2 PO4 each Na/P layer (mentioned above) 
contains two of the four independent hydrogen bonds ( ie, 0(4) - H(2) ... 0(8) 
and 0(5) - H(3) ... 0(1) 	- see Table 6.2 and Fig 6.3(b)). Similarly, four 
of the eight independent deuterium bonds ( ie, 0(4) - D(2) ... 0(5), 
0(8) - 0(7) ... 0(2), 0(9) - D(5) .,, 0(13),and 0(16) - 0(8) ... 0(10) - 
see Table 6.2 and Fig 6.3(a)) are found approximately in each K/P layer 
of the KD2 PO4 structure. These hydrogen/deuterium bonds connect the PO4 
groups of the same layers. The remaining independent hydrogen/deuterium 
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bonds of both the structures connect the PO4 groups of each such layer along 
the b-axis. All the deuterium/hydrogen atoms of both structures are in general 
positions. The dimensions of these hydrogen/deuterium bonds are given in 
Table 6.2. All the hydrogen/deuterium bonds are 0 asymmetric and symmetry-free. 
The shortest hydrogen bond in KD 2 PO4 is 2.455(5)A which 0 is significantly 
smaller than the shortest one in NaH 2 PO4 ( ie, 2.485(5)A). Although very 
short hydrogen bonds are usually found to be symmetrical and symmetry-free 
( 	Section 1 .2) 9 even the shortest hydrogen/deuterium bonds of these two 
compounds (Table 6.2) are asymmetrical and symmetry-free. The close 
similarities in the hydrogen/deuterium bonding of these two compounds are 
supported by similarities in their infrared spectrd. (Blinc and Hadzi 9 1958). 
6.4 	Comparison of the Structures of Group A and B. 
Comparison of the cell dimensions of all these monoclinic dihydrogen 
phosphates (as summarised in Table 6.1) shows that the unique axis, b 9 of 
the structures belonging to group B is different from that of the structures 
belonging to group A (that is, the unique axis of NaH 2 PO4 and KD2 PO4 is the 
longest one whereas that of T1H 2PO4 and CaH2 PO4 is the shortest and inter-
mediate respectively). 
As in Sections 6.2 and 6.3 9 the crystal structures of all four compounds 
may be described in terms of (i) the PO 4 - H networks ,and (ii) layers con-
taining metal and phosphate ions-perpendicular to the longest axis. 
The PO4 H networks in the structures of group A are very different 
from those in the structures of group B. In the structures of group A 9 the 
two-dimensional PO  - H arrays form puckered sheets perpendicular to the 
longest axis (Fig 6.2) 9 but no such sheets are found in the structures of 
group B (Fig 6.3). 	All the oxygen atoms of the structures of group A 
participate in the hydrogen bonding whereas there are some oxygen  atoms in 
the structures of group B which are unbonded or doubly bonded. 
In spite of significant differences in the structures of group A and B 9 
it is interesting to note that,, in all four structures, the metal and phos-
phate ions are more or less in layers perpendicular to the longest axis, and 
separated by j of the axis. However, within these layers the locations of 
the metal and phosphate ions differ. 
As far as the type and variety of hydrogen/deuterium bondings are con-
cerned, the crystal structures of group A are quite different from those of 
group B. For example, the T1H 2 PO4 and CsH2 PO4 structures have asymmetric, 
short symmetric 9 quasi-symmetric and symmetric hydrogen bonds (Table 6.2) 
whereas the NaH 2 PO4 and KD2 PO4 structures have only asymmetric hydrogen/ 
deuterium bonds. 
Table 6.2 	Comparison of hydrogen bond dimensions for all the monoclinic dihydrogen phosphates : NaH 2PO 4 , KD 2PO4 CsH 2PO4 and 
T1H 2PO4 . 	The calculated (using equ (1.2) of Chapter 1) and the observed (from neutron data) donor distances 
d(0-H) 9 are compared. 	In the third column s S and D = symmetric and disordered AS = asymmetric and QS = quasi- 
symmetric. 	The bond lengths are in A units and angles in degrees. 
Compounds 	Bonded Atoms 	 Bond 	Observed 	 Calculated 	H ... 0 	0 ... 0 	Bond Angles 
Type 0-H Distances 0-H Distances Distances Distances 
NaFI 2PO4 0(2) 	- H(l) 	... 0(84) AS 1.003(7) 1.018(5) 1.590(7) 2.591(5) 
0(4) 	- H(2) 	... 0(8) AS 1.007(9) 1.007(5) 1.644(8) 2.644(5) 
0(5) 	- FI(3) 	... O(l) AS 1.026(8) 1.027(5) 1.524(7) 2.550(5) 
0(7) 	- H(4) 	... 0(62)V1 AS 1.040(9) 1.041(5) 1.459(8) 2.485(5) 
KD2PO4 0(3) 	- D(l) 	... 0(14) AS 1.019(5) 1.020(6) 1.563(6) 2.580(6) 
0(4) 	- ... 0(5) AS 1.063(5) 1.047(6) 1.397(5) 2.455(6) 
0(8) 	- ... 0(2) AS 1.020(5) 1.020(7) 1.565(6) 2.582(7) 
0(7) 	- ... 0(10) AS 0.992(6) 1.018(8) 1.606(7) 2.589(8) 
0(9) 	- ... 0(13) AS 1.026(5) 1.032(6) 1.506(5) 2.528(6) 
0(11) - 	D(6) 	•... 0(1) AS 1.019(6) 1.024(6) 1.547(6) 2.564(6) 
0(15) - 	D(7) 	.., 0(2) AS 1.006(6) 1.023(8) 1.570(7) .2.570(8) 
0(16) - 	D(8) 	... 0(10) AS 0.977(5) 1.015(7) 1.628(6) 2.604(7) 
CsH 2PO4 0(1) 	- ... 0(2) AS 0.995(7) 1.033(7) 1.530(7) 2.521(7) 
0(3) 	- - 	0(3') S&D* 1.23(1) - 1.23 2.46(1) 
T1H2PO4 0(14)I1] - 	H(1) - 	0(1) 1 S&D* 1.21(1) - 1.21 2.42(1) 
0(2) - H(2) 	- O(24) ' S&D* 1.237(6) - 1.237 2.474(8) 
0(4)IV 


















* S&D = disordered hydrogen bond 
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The hydrogen bond dimensions of all four monoclinic crystal structures 
have been compiled and listed in Table 62. The calculated donor distances 
(using equation 1.2 of Chapter 1) for all asymmetric hydrogen bonds are com-
pared with those of the observed values and good agreement is found between 
them. The hydrogen bond dimensions determined experimentally by neutron 
diffraction follow the general experimental correlations shown in Fig 1.2; 
namely that the donor distance s d(O-H) 9 increases on decreasing the hydrogen 
bond lengths R(O ,,., 0) and acceptor distance s a(H .... 0). These correla-
tions have been reproduced in Fig 6.4 - with the results of the present 
studies added. 
CsH 2 PO 4 11H 2 PO4 and monoclinic KD 2 PO4 compounds have been shown to 
have a ferroelectric phase transition ( 	Sections 4.1 3.1 and 6.1 res- 
pectively) but no ferroelectric phase transition has been found in NaH 2 PO4 
(Section 5.1). 
6.5 	Comparison of the Crystal Structures and Some Physical Properties of 
the Crystals of Groups A and B with those of the Tetragonal KH 2 PO4 (KDP) 
Structure, 
In the high-temperature phase ( ie 9  at room temperature) KDP is tetragonal 
with space group I2d (West 1930) and in the low-temperature phase s its space 
group is Fdd2 (orthorhombic). The tetragonal unit cell contains four formula 
units (Table 6.1). 
Like the crystal structures of group A and B the tetragonal KDP struc-
ture may also be described in terms of (1) PO 4 -H networksand (ii) K-P ions 
arrangement. 
It can be seen in Fig 6.5 that each tetrahedron of KDP is surrounded by 
four more tetrahedra. The array of PO 4 group is linked by hydrogen bonds 
throughout the structure. In contrast s the hydrogen-bonded array of PO 4 groups 
in CsH 2 PO4 and 171H 2 PU4 is two-dimensional (Fig 6.2). Although the PO 4 groups 
of the NaH 2 PO 4 and monoclinic K0 2 PO4 structures are connected by asymmetric 
hydrogen/deuterium bonds throughout the structures the spatial arrangement 
of the PO4 groups (Fig 6.3) is quite different from that of tetragonal KDP 
(Fig 6.5). 
Careful comparison of the distribution of the metal ions of all the 
monoclinic structures (ié 9 Tl 9 'Cs Na and K) relative to P with that of the 
tetragonal KDP structure show the substantial differences in the monoclinic 
and tetragonâl structures. 
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Fig 6.4 Correlations between(a)d(0-H) and a (H ... 0) 9 and (b) d(0-H) 
and R(0 .,. 0) distances of all the hydrogen bonds of all the 
monoclinic dihydrogen phosphates of the present study (shown 
• by different symbols with error bars). 	These correlations 
are compared with the general correlations shown by 
Olovsson and Jonsson (1976) as open circles. 
A 	 k 	0 0 
P 
Fig 6.5 	A projection of the crystal structure of KH2 PO4 onto the x-y 
plane (showing one unit cell). 	The arrangement of P0 groups 
is shown. The PO4 groups are linked by hydrogen bond 
(dotted lines) nearly normal to z. 	The K ions (not shown) 
lie half way between the P ions along z. 	The possible 
distributions of hydrogen or deuterium atoms (disordered) 
are also shown. 
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2.488(5)A (Megaw 9 1973 9 P 363) 9 whereas in the monoclinic crystal structures 
many types, varieties and lengths of hydrogen bonds are found (Table 6.2). At 
room temperature the hydrogen atoms of KH 2 PO 4 have been shown to be disordered 
(Bacon and Pease, 1953 9 1955; Eiriksson 9 1974; and Kennedy, 1977). Similar to 
this one of the two independent hydrogen atoms of CsH 2 PO 4 is probably disordered 
( 	Section 4.4). The separaton between the two possible disordered sites in 
CsH 2 PO 4 was found to be 0.48(4)A (Table 4.3) which is somewhat greater than that 
of KH2PO4 ('.. 0.35A). In T1H 2 P049 the hydrogen atoms H(l) and H(2) 9 which are 
on the centre of inversion exhibit marked anisotropic vibration (Table 3.2) 
and these may also be disordered at room temperature. At room temperature, 
all hydrogen/deuterium atoms of both the NaH 2 PO4 and KD2 PO4 structures are 
ordered 
6.6 	Concluding Remarks on the Monoclinic Dihydrogen Phosphates 
In spite of sorre broad similarities in cell dimensions and symmetries of 
all the monoclinic dihydrogen phosphates it has been shown that the crystal 
structures and some physical properties of CsH 2 PO 4 and Tl,H 2 PO4 are quite 
different from those of NaH 2 PO4 and KD2 PO4 . It has been found that the 
CsH 2 PO4 and T1.H 2 PO4 structures are closely similar. Although the crystal 
structures and physical properties of NaH 2 PO4 and KD2 PO4 seem broadly similar 
they are clearly different from each other. Some broad differences in crystal 
structures seem to be related to the presence or absence of a structural phase 
transition of the KDP-type - although those with such a transition (Tl.H 2 PO 4 
and CsH 2 PO4 ) have strikingly different structures (ie, sheet-like PO 4 arrays) 
from KH2 P0 49 apart from the disordered hydrogen bonds. 
It is interesting to note how replacing K by Na, Cs, Rb 9 NH4 or Ti; 
and/or replacing P by As, and/or replacing H by D 9 leads to such variety 
of crystal structures and physical properties. 
Finally it is noted that these studies have yielded substantial further 
data on the dimensions of hydrogen bonds including one in the quasi-symmetrical 
class, 
CHAPTER 7 
NEUTRON-DIFFRACTION STRUCTURAL STUDIES OF PbHPO 4 
7.1 	Introduction 
Lead monohydrogen phosphate, PbHPO 4 , 
monetites, 	Monetités are minerals of the 
(M = Ca, Sr, Ba or Pb, and X = P or As). 
Schulten (1904) reported the symmetries of 
namely, CaHPO4 (triclinic), SrHPO 4 and BaH 
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PbHPO4 is a newly discovered hydrogen-bonded ferroelectric 
compound (Negran, Glass, Brickenkamp, Rosenstein, Osterheld and 
Susott, 1974). 	Negran et al, for the first time, examined ferro- 
electricity and its related phenomena in single crystals of PbHPO 4 
using various experimental techniques. 	They studied the spontaneous 
polarization, P 5 , pyroelectric behaviour, piezoelectricity, and 
dielectric constant as a function of temperature, and a phase 
transition at 310 0K (370 C) was found. 	At room temperature (298 0K), 
P 5 was found to be 0.72 p Coulomb/cm 2 , and the coercive field 
1300 V/cm. 	The magnitudes of the spontaneous polarization and 
coercive field decrease continuously to zero at 310 °K(Fig 7.1 - ) which 
shows a ferroelectric-paraelectric phase transition of second order. 
Negran et al measured the dielectric constant at 10 kHz as a function 
of temperature, and the Curie-constant, C, was found to be 2773 0 K. 
This value is considered as typical for any hydrogen-bonded substance 
(Negran et al). 
Negran et al performed the same experiments as above on the 
deuterated form, PbDP0 4 , and found a very large shift in 
(T C D - TCH = 142
0K) possibly larger than any other hydrogen-bonded 
ferroelectric known so far. 	The magnitude of the spontaneous 
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(c) 
Fig 7.1 	Spontaneous polarization (P 5 ) as a function of temperature (T) 
for 
(a) PbHPO4 ; (b) PbDPO4 ; 	(after Negran et al, 1974) 
(c) PbHPO4 (after Smutny and Fousek, 1977) 
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in the single crystal by Negran et al at 2980 K. 	The largest value 
of P 5 was found along the a*_axis  and a smaller component (about 20% 
of that along a) was measured along the c-axis. 	The polar axis 
was determined to be at (15 ± 5) ° to a*  or about(22 ± 5) ° to the a- 
axis,which is very close to the direction of the hydrogen bond. 	The 
temperature dependencés of P 5 in PbHPO 4 and PbDPO4 are compared 
in Fig 7.1. 	It seems that P 5 of PbDPO4 saturates at room temperature, 
(RT) 9 but that of PbHPO4 does not. 
Very recently, Smutny and Fousek (1977) have also measured P 5 
of PbHPO4 on a single crystal over a wider temperature range (Fig 7.1) 
at a frequency of 50 Hz. 	The maximum value of P 5 was found to be 
in a direction making angles about (22 ± 3) ° and (18 ± 3) ° with the 
a and a* axes (Fig 7.3) respectively. 	The transition temperature was 
found to be at 310 0K. 
Although the symmetry of PbHPO 4 was reported a long time ago 
(Schulten 9 1904) 9 Bengtsson made a preliminary X-ray diffraction 
study of this compound in 1941. 	From 	photographic studies 
(using Weissenberg Camera) he attempted to determine the positions 
of the Pb and P atoms and the following cell parameters of PbHPO 4 
were found: 
0 	 0 	 0 
a = 4.65 A 9 b = 6.63 A 9 c = 5.76 A and 	= 82.8° . 
At room temperature, the systematically absent reflections (for h 0 2 
reflections; 2. = 2n + 1 9 absent) suggested that the space group could 
be either P2/c or Pc (Fig 7.2). There were two formula units in the 
primitive unit cell. 	No attempt, however, was made to study the 
complete crystal structure. 	In 1950 9 Claringbull found approximately 
the same cell parameters and crystal growth habits in PbHAsO 4 as in 
PbHPO4 . 	The reported cell parameters of PbHAsO 4 (at RT) are 
0 	 0 	 0 
a = 5.83 A 9 b = 6.76 A 9 c = 4.85A and 	= 95,50 
The space group was found to be Pa or P2/a with two formula units in 
the unit cell. 
SPACE GROUP Pc 
a 
Origin in e-glide 
2-fold general position 
x,y,z and x, 	+ z 
SPACE GROUP Pg/c 
a 
(b) 
Origin at centre of symmetry 	(indicated by o) 
4-fold general positions 
x,y,z; x,y,z; x,y,-z and x,y, + z 
Fig 7.2 Space group diagrams for : (a) Pc; (b) P2/c 
with their cieneral positions 
Although the three-dimensional crystal structures of some of the 
monetites, such as BaHPO4 (Burley, 1958) and CaHPO4 (Denne and Jones, 
1971; Dickens, Bowen and Brown, 1972) have been determined, no attempts 
were made to determine the three-dimensional crystal structure of 
PbHPO4 until recently when it was examined by Prince and Brickenkamp 
(1974) using the X-ray diffraction method. 	The following cell 
parameters were found at RT (for the standard setting; Negran et al): 
0 	 0 	 0 
a = 4,688(4) A, b = 6.649(5) A, c = 5.781(5) A and a = 97.11(2) 0  
The space group of this compound at RT was checked both by a positive 
piezoelectric test and by pyroelectric measurements (Negran et al), 
and was found to be Pc. 	The projection of the crystal structure of PbHPO 4 
down the b-axis on to the a-c plane is shown in Fig 7.3. The 
position of the hydrogen atom was inferred to be near to one of the 
oxygens of the 0(1) ... 0(3) bond (length'2.5O A) 
distance from 0(1) of about 1 A, approximately 0.22 A away from the 
pseudo-centre of symmetry of the bond. 	The crystal structure of 
PbDPO4 at RT, using neutron data has also been examined by Prince and 
Brickenkamp (1974), and the deuterium atom was found to be near to one 
of the oxygen atoms 0(1) of the 0(1) ... 0(3') bond. 
The cell parameters of this compound were found as : a = 4.685(1) A, 
0 	 0 
b = 6.69(1) A, c = 5.787(1) A and 	= 97.10(1) 
The PO4 groups are linked together by hydrogen bonds across the 
c-glide plane to form an infinite chain along the c-axis (Fig 7.3). 
Because of a large isotope effect on T (just like KDP) it was assumed 
(Negran et al) that the hydrogen atoms would be disordered over two 
sites (related here by a centre of symmetry) in the paraelectric phase 
(with 50% occupancy), and ferroelectricity in PbHPO 4 could be 
associated with ordering of the protons along the chains. 
Recently, Blinc, Arend and Kanduser (1976) have conducted 
infrared and Raman spectroscopic studies of polycrystalline samples of 
PbHPO4 , PbHAsO4 , CaHPO4 and BaHPO4 at room temperature in the 
frequency range between 30 and 4000 cm- 1. 	An off-centred location of 
(*Pb
210 
 p 0 0 OH 
Fig 7.3 	A projection of the crystal structure of PbHPO 4 (at room 
temperature) down the b-axis on the a-c plane. 	Approximate 
heights (in fractional coordinates) are given beside the atoms. 
The directions of the spontaneous polarization, ') 
(determined by Negran et al, 1974) and the 0 ... 0 bond, are 
shown. 	The estimated errors in the angles between P and 
a-axis have been shown in the figure. 
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the hydrogen atoms in PbHPO 4 and PbHAsOwas suggested from the infr- 
red spectra. 	The 0-H ... 0 hydrogen bonds in these compounds were 
reported to be very similar to those in KH 2PO4 and KH 2AsO4 . 	Also, 
the spectra of CaHPO 4 and BaHPO4 were reported to be very similar 
to those of PbHPO4 and PbHAs0 4 respectively, in the 1100 to 4000 cm' 
region, suggesting the existence of similar hydrogen bonds. 	In the 
300 to 1100 cm' regions, no close similarities in the infrared 
spectra of the above four compounds were observed. 	From the above 
investigation, the symmetry of the soft mode in PbHPO 4 was deduced, 
and the ferroelectric transition was reported to be of second order. 
Blinc et al (1976) measured the dielectric constant of the above 
substances at a frequency of 1 kHz as a function of temperature (from 
103 to 3730 K) and dielectric anomalies were observed at 309 0 K in 
PbHPO4 and at 3030 K in PbHAsO 4 . 	No dielectric anomaly was found in 
BaHPO4 within the above temperature range. 
The effect of hydrostatic pressure on 
Tc'  of the hydrogen-bonded 
ferroelectrics, such as KH 2PO4 , has recently been the subject of many 
investigations. 	Samara (1971) has shown that in KDP, the transition 
temperature decreases linearly with increasing pressure at first, 
and then decreases very rapidly (Tc - 0 at 17 kbars). 	Recently, 
Kennedy (1977) and Nelmes, Kennedy, Baharie and Hewat (1977) have 
discussed in some detail, the pressure effect on T   of tetragonal 
KH2 PO4 and KD2PO4 . 	Now the effect of hydrostatic pressure on T
c of 
PbHPO4 has also been examined (Smutny and Hegenbarth, 1977; Smutny 
and Fousek, 1977) up to 13 kbars and like KDP, the transition 
temperature was found to be decreased with pressure. 
There are some similarities and differences in crystal structure 
and physical properties of some compounds of the general formula, MHX0 4 
(M = Ca, Ba,Sn, Pb, T2.., Rb or NH 4 ; X = P, As or S). 
Measurements of heat capacity (Egan and Wakefield, 1964) and 
dielectric studies at various temperatures (Blinc et al, 1976) suggest 
a ferroelectric phase transition of second order in CaHPO 4 . 
Recently, from careful structural studies of this compound from 
neutron data (Catti, Ferraris and Filhol, 1977; and Catti, Ferraris 
and Mason, 1978), the hydrogen atoms of CaHPO 4 in the low-temperature 
To 
phase were found to be ordered. 	In the high-temperature phase, the 
hydrogens were shown to be disordered. 	Though the nature of the 
phase transition in CaHPO 4 seems very similar to that of PbHPO 4 , 
the crystal structures of these compounds are very different from 
each other. 	The crystal data of some of the compounds of the gen- 
eral formula, IIHXO 4 (M =Ca, Sn, Ba, Pb, NH 4 or Rb; X = P, As or S) 
are compared in Table 7,1. 
The crystal structure of BaHPO 4 has been studied by Burley (1958) 
using three-dimensional X-ray data, but hydrogen atoms were not 
determined. 
Although the ferroelectricity of PbHPO 4 below Tc  (Negran et al) 
was found to be very similar to RbHSO 4 (Tc = 2580 K); (Pepinsky and 
Vedam, 1960) - involving a hydrogen-bonded chain of PO 4 groups in the 
same space group, the ferroelectric transition mechanism of both 
compounds is different. 	The phase transitions in RbHSO 4 (Ashmore 
and Petch, 1975), and NH 4HSO4 (Kasahara and Tatsuzaki, 1970) are not 
associated with the ordering of protons but with that of SO 4 groups. 
From the structural studies of NH 4HSO4 (Nelmes, 1971, 1975) and RbHSO4 
(Ashmore and Petch, 1975), both structures were found to be 
isomorphous at room temperature. 
Although the cell parameters of PbHPO 4 and SnHPO 4 are very similar 
(Table 7,1), the crystal structures and physical properties of these 
compounds are very different from each other. 	No ferroelectric 
properties of SnHPO 4 have been examined as yet. 
Some similarities in Raman and infrared spectra (Blinc et al, 1976), 
crystal data (Table 7,1) and the positions of the heavy atoms, Pb and 
P of the two compounds PbHAsO 4 and PbHPO4 suggest that these are 
isomorphous. 	PbHAsO4 compound has been shown to be ferroelectric 
(Blinc et al, 1976). 	The crystal structure of PbHAs0 4 is unknown 
except the approximate positions of Pb and As from the X-ray powder 
data ( 	Claringbull, 1950). 	Thé complete three-dimensional 
structures of PbHPO4 and PbHAs04 are required to give a clearer 




















P2 1 /c 	Pn2 1 a 
f 	 g 
Table 7.1: Comparison of the crystal data of some of the compounds MHX04 (ti = Ca Snó Ba 
Pb NH 4  or Rb; X = P, As or 5) at room temperature 
	(a b and c are in A, 
a, R and y are in degrees). 
PbHPO4 PbHls04 NH 4HSO4 RbHSO4 
4.688(4) 4.85(1) 24.66(2) 24.61(1) 
6.679(5) 6.76(1) 4.60(1) 4.62(1) 
5.781(5) 5.83(1) 14.82(2) 14,81(1) 
90 90 90 90 
97,11(2) 95.5(1) 89.87(1) 89.9(1) 
90 90 90 90 
2 2 8 8 
Pc or P2/c Pc or P2/c B2 1 /a B2 1 /a 
h k m n and O 
d. Dickens, Bowen and Brown (1972) 
Berndt and Lamberg (1971) 
Burley (1958) 
11. Negran et al (1974) 
k. Claringbull (195) 
Nelmes (1971) 
Pepinsky and Vedam (1960) 
0. Ashmore and Petch (1975) 
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Although T1HSO4 and SrHPO4 have also been presumed to be possible 
members of the MHX0 4 family (Carvaiho and Salinas, 1978), no structural 
or ferroelectric studies of these compounds are available. 
To investigate the phase transition mechanism in PbHPO 4 such as; 
(i) the second order nature of the transition, (ii) the onset of order 
of the proton system accompanying the heavy ion displacements and 
(iii) very slow saturation of the spontaneous polarization, accurate 
structural parameters below (at various temperatures) and above the 
transition temperature are required. 	With the above aim, a pre- 
liminary single-crystal neutron-diffraction experiment at room 
temperature (295 0 K), in the ferroelectric phase was completed first 
at Harwell. 	Then the onset of hydrogen ordering and heavy ion 
displacements (in relation to P 5 versus temperature) in the ferro-
electric phase have been investigated from neutron-diffraction data 
collected at six different temperatures at I.L,L., Grenoble, 	The 
crystal structure of PbHPO 4 in the paraelectric phase at 323 0 K has 
also been determined, 
7.2 	Preliminary Neutron-Diffraction Study at Room Temperature 
A single crystal of size 2 mm x 2 mm x 0,5 mm was kindly 
provided by Dr B Brezina, Institute of Physics, Prague. 	The 
experiment was performed on the MK II (Section 2.7) A.E.R.E. Harwell. 
The b-axis of the crystal was mounted approximately along the 4-axis 
of the diffractometer. 	An incident monochromatic neutron beam was 
obtained from the (355) plane of a Ge monochromator. 	The calibrated 
wavelength (using Ni powder) was 1.045(2) A. 	The measured cell 
parameters agreed well (within two standard deviations) with those 
reported by Negran et al. 	The systematic absences for the space 
group Pc (or P2/c) were checked carefully. 	All shafts of the 
diffractometer were stepped to their datum positions regularly to 
check their proper functioning. 	The three-dimensional data were 
collected out to sin O/X 0.8 A 1 in four different 0 ranges (viz 
1-200 , 20-350 , 35-450  and 45-550 ). 	A total of 1522 reflections 
(two equivalents, in general) were measured for a hemisphere 
o' 
(±h ,  +k, +9). 	The intensity of a standard reflection (070) was 
measured after every 15 reflections, and was found to be stable 
within two standard deviations. 
After averaging over the equivalent reflections, a total of 766 
independent reflections were found. 	The reflections with 10 
were removed, from the data set, leaving 615 independent reflections to 
be used in the structure analysis. 
Structural analysis was started from the positional (Table 7.9) and 
anisotropic thermal parametersof PbDP04 kindly provided by 
Dr C S Brickenkamp in 1976. 	The positional and thermal parameters 
used for H were the same as for the 0 atoms in PbDPO 4 determined 
by Prince and Brickenkamp (1974). 	Positional and anisotropic thermal 
parameters of all the atoms were refined together with a scale factor. 
The x and z coordinates of the Pb atom were kept fixed to define the 
origin for the space group Pc. 	After 5 cycles of least-squares 
refinement of all 58 parameters (19 positional, 37 thermal parameters 
and a scale factor), the R-factor was found to be 9%. 	Unit weights 
were used at this stage. 	Then an isotropic extinction parameter 
(Appendix C) was refined. Rather small extinction, with an 
extinction factor greater than 0.9 (on Fe), was found for most of the 
reflections. 	But 7 reflections, which were strongly affected by 
extinction, were removed from the data set for the final refinements. 
A weighting scheme vW = (a(F 0 ) + 0.038 F 0)-was  used to get 
approximately constant WAST as a function of F0 and sin 0. 	The final 
R- and wR-factors were 5.83 and 6,997-respectively. 
To investigate the disordering of the hydrogen atoms, which has 
been suggested from the large isotope effect on T and some other 
experimental evidence (Section 7.1), a disordered model (see below) 
was tried. 	As the magnitude of the spontaneous polarization in 
PbHPO4 presumably 	depends mainly on the onset of order of the 
hydrogen bonds, the occupancy of the hydrogen atom was refined. 
In the order model (space group Pc), the hydrogen atom was found to 
be near to one of the oxygen atoms 0(1) of the 0(1) ... 0(3') bond 
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defined as site I (Fig 7.4). 	It was presumed that the hydrogen atom 
would be distributed equally on both sides of the centre of symmetry 
(fully disordered) in the space group P2/c. 	But in the ferroelectric 
phase (in space group Pc), the distribution of the hydrogen atoms on 
both sides of the pseudo-centre of symmetry is expected to be 
different. 	This type of distribution of hydrogen atoms is found 
in many compounds (Section 1.2). 	The partial occupancy of the 
hydrogen atom at the site I - the remainder being at a site II 
found by inverting site I in the mid-point of 0(1) ... 0(3') - was 
refined. 	Here this was called the "disordered" model. 	Positional 
and thermal parameters, scale factor, and the occupancy of the 
hydrogen atom H(l) (at site I) were refined using the same neutron 
data and weighting scheme as above for this model. 	An isotropic 
extinction parameter was refined in the last few cycles of least- 
squares refinements. 	In the last cycle, a total of 59 parameters 
(19 positional and 37 thermal parameters, a scale factor, an 
extinction parameter and the occupancy of the hydrogen atom) were 
refined. 	The final R and wR-factors were found to be 5.66 and 
6.93% respectively. 
In the last cycle of least-squaresrefinement 9 the occupancy of 
the hydrogen atom H(l) was found to be 0.75(5). 
The significance test on the wR-ratio for the two models (order 
and disorder) was performed using a statistical method (Section 2.10). 
The improvement in fit achieved with the disordered model was 
significant at a confidence level of 99.99%. 
The refined positional and thermal parameters for the 'disordered' 
model are given in Table 7.2. 
0.0071(5) 	0.0126(6) 	0.001(1) 	-0.0021(1) 	0.001(1) 
0.003(1) 0.011(1) 0.003(2) -0.0016(7) 0.002(2) 
0.007(2) 0.023(2) 0.007(1) 0.006(1) 0.001(1) 
0.009(2) 0.007(1) 0,001(1) -0.003(1) 0.004(1) 
0.010(2) 0.022(2) -0.001(2) 0.010(1) -0.004(2) 
0.010(2) 0.014(1) 0.004(1) 0.005(1) -0.004(1) 
Table 7.2: Final positional and anisotropic thermal parameters of PhHPO 4 at room temperature (295
0 K). 
These parameters are from the disorder model 	Parameters without errors are either 
fixed or related by symmetry. 	The positional and thermal parameters are given in 
02 
fractional coordinates and A respectively. 
Atoms 	x 	 y 	 z 	 U22 	U33 	U12 	U13 	U23 
I1l) 0.482(2) 0.0521(2) 0.0470(2) 1.74(9) 
H(2) 0.523 -0.526 0.502 1.74 
Pb 0 0.1995(5) 0.25 0.0122(2) 
P 0.504(1) -0.2067(3) 0,2384(8) 0.0076(6) 
0(1) 0.382(1) -0.3431(6) 0.4219(9) 0.031(1) 
0(2) 0.260(1) -0.076(16) 0.1202(8) 0.010(1) 
0(3) 0.623(1) 0.3385(7) 0.0525(8) 0.022(2) 
0(4) 0.747(1) -0.0784(9) 0.3648(8) 0.009(2) 
7.3 	Temperature Dependence of the Crystal Structure of PbHPO 4 in the 
Ferroelectric Phase and the Paraelectric Structure at 323 0 K 
7.3.1 	Experimental 
The platelet crystal of PbHPO 4 used in the preliminary investigation 
(Section 7.2) was again used in these experiments. The experiments were 
performed on the neutron diffractometer, D8 (Section 2.6). The advantage 
of using this instrument was that a high-flux neutron beam (of the order 
of 1O7 neutron-cm- 2 - -secgnd) was available at the sample even at a 
low wavelength (ie, 0.77 A). In this experiment, a high-flux beam was 
important because it was very difficult to grow a large single crystal 
(Dr. Brezina, Private Communication, 1976). Also, it was possible to 
collect high-resolution data which were needed to resolve satisfactorily 
the disordered hydrogen atom. 
For studying the temperature dependence of the PbHPO 4 structure, 
five different temperatures (173, 277, 296, 303 and 323 ° K) were chosen. 
This selection was based on estimates of the temperature-dependent order 
parameter - that is, at 173 0 Kfully ordered; at 277° K4 
296 	
ordered; at 
° K- ordered; and 303 ° - 	ordered; and at 323° K (above T0 )-com- 
pletely disordered. 
A monochromatic incident neutron beam of a wavelength A = 0.77 A wa-s 
obtained from a Cu(220) monochromator, and was calibrated using a 
standard KU crystal. The calibrated wavelength was A = 0.7698(3) A. 
The PbHPO4 was mounted on the aluminium pin (Fig. 7.5) which was 
screwed on the top of the furnace (see below). The b-axis of the crystal 
was mounted approximately along the q-axis of the diffra8tometer. 
There are 1800 independent reflections for x = 0.77A and 0 < 550 . 
The limited time available on the diffractometer made it necessary to 
make a selection of a limited brat sufficient number of reflections to 
refine the 59 structural and thermal parameters of PbHPO 4 at various 
temperatres. Since the room temperature data for 1 < e < 370 at 
x = 0.77A were already available from previous experiments (Section 7.2), 
single measurement of about 1200 independent reflections was made for 
32O55. 	Thus, a complete set of data for 1 	0 55 at x = 0.77 A 
was available. A selection of 520 independent reflections was made 
from this set of data so that in any range of a, the medium and strong 
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Fig 7,5 	Crystal mounting on the aluminium pin. 
The crystal is covered with vanadium and 
aluminium cans. 
the reciprocal space, and provide about 8 observations for each parameter 
to be refined. 
It is desirable to measure symmetry-related reflections to check 
the random error(or associated errors). But it was not possible to 
measure symmetry-related reflections for all 520 reflections due to 
the limitation on the -shaft of the diffractometer (when using cryo- 
stat or furnace); only 10 symmetry-related reflections could be measured. 
For the rest, each reflection was measured twice - which at least checked 
the proper functioning of the diffractometer. 
For data collection at other than room temperature, a different 
arrangement had to be used. For the experiments at 277 0 K, 303 0 K and 
323 0 K, a 'HAAK' cryofurnace was used. The crystal was mounted on an 
aluminium pin as shown in Fig 7.5. This pin was then mounted on the 
top of a cryofurnace which was fixed on the -shaft. The sample mounted 
on the pin was enclosed by a cylindrical 'Vanadium can' which was 
evacuated. This 'Vanadium can' was then enclosed by an outer 'aluminium 
can . The temperature of the sample was controlled by circulating water 
through the cryofurnace from a therrnostated water bath. The tempera-
ture near the sample was recorded by a thermocouple. 
For data collection at low temperature, 173 0 K, a tDISPLEX' cryostat 
was used. The crystal was transferred (on the same mounting pin) to the 
cryostat and enclosed within 'Vanadium' and 'aluminium' cans as des-
cribed above. The sample holder - an aluminium pin, had been designed 
to fit in both the 'HAAK' 	cryofurnace and 'DISPLEX' cryostat so that 
it was easy to transfer the crystal without disturbing its mounting. 
At 173° K, the cell parameters were measured, and refined from 15 high-
angle reflections using a computer program 	linked to the diffracto- 
meter. 
Some reflections (ie, 183 high-angle reflections) were measured 
at 2000 K to check the saturation of the spontaneous polarization from 
the structural point of view. It may be noted that these reflections 
were measured at the end of the experiments referred to in the previous 
paragraph and the limited time available on the diffractometer. 
For all the experiments two standard reflections (2 0 4 and 7 0 0) 
were measured after every 50 reflections, The intensities of these re-
flections were found to be stable within two standard deviations. 
It should be pointed out that due to computer breakdowns during 
data collection at various temperatures a few reflections were missed. 
The summary of the data collected at various temperatures is given in 
Table 7.3. 
The average, accuracy of the data was found to be about 3% (ie. 
Fo 	
x 100 = 3). The structure amplitudes of repeated measurements at each 
of the temperatures - were compared and good agreement (within two 
standard deviations) between them was found. The agreement between 
the structure amplitudes of the symmetry-related reflections were 
found to be within three standard deviations. All these reflections 
were arithmetically averaged for the structure analysis. 
	
7.3,2 	Temperature Measurements 
As the structural parameters and physical properties of PbH'PO4 
are temperature dependent the stability and accurate estimate of 
temperatures during the experiments are required. During the room-
temperature experiment s the temperature near the crystal was recorded 
using two independent mercury thermometers at regular intervals. The 
recorded temperature was (296 ± 2) ° K, The HAAK thermocouple was cali-
brated with the mercury thermometers. The temperature recorder and 
digital temperature recorder connected to the HAAK thermocouple 
showed a temperature 2° K higher (at room temperature) than the mercury 
thermometers. The estimated variation in temperature during the ex-
periments using the 'HAAK' cryofurnace was ±2 0 K, Corrections were 
made for the difference in temperatures of the thermometers and 
thermocouple. 
As the 'DISPLEX' cryostat is reliable and widely used no attempts 
were made to calibrate the temperature. However, the graphical output 
showed the stability in temperature to be ±0.5 ° K during the experiments. 
As the thermocouples were placed very near to the crystal (in 
evacuated'vanadium'andaluminium'cans), it is believed that the values 
of the recorded temperatures are close to those of the crystal. 
7.3.3 	Refinements of the Crystal Structure of PbHPO 4 in the Low- 
Temperature Space Group 
The - positional and thermal parameters of PbHPO 4 determined at 
room temperature (Section 7.2) were refined for the various temperatures 
Table 7.3: Summary of the reflections measured at various temperatures 
for PbHPO4. 
Temperature Number of Measurement Number of Max mum sin SIX 
Observations Independent 
, 	 A 
( ° K) Reflections ' 
Measured 
173 1014 double 507 1.06 
200 183 single 183 1.06 
277 1030 double 51E. 1.06 
296 1200 single 1200 1.06 
303 1032 double 516 1.06 
323 1032 double 516 1.06 
at which the measurements were made at Grenoble. 
Although the crystal structure of PbHPO 4 above the transition 
temperature (T = 310° K) has been presumed as centrosymrnetric (Section 
7.1) 9 the data collected at 3230 K were used to refine the structure in 
the same way as the other data sets for the two main purposes: 
to see if the occupancy of H(l) will go smoothly to 0.5 and 
as part of the test of high-temperature symmetry. 
For the room-temperature structure refinement, only the 08 data 
which has different sets of reflections from the others (ie, more re-
flections, but no equivalent, and not a complete e coverage) was used. 
This refinement provided a double check on the parameters previously 
determined from the room-temperature data collected at Harwell. 
In all the refinements, the x and z coordinates of the Pb 
atom were held fixed at the same value as before. The positional and 
thermal parameters of all the atoms together with a scale factor were 
refined for all the six data sets in the space group Pc. An iso-
tropic extinction parameter and the occupancy of the hydrogen atom at 
site I were also refined. A weight, V= [o(Fo) + 0.03Fo], was used 
to obtain an approximately constant 	as a function of Fo and 
sin o in all the refinements. 
For the data sets collected at 173 9 200, 277 and 296° K, the 
occupancy of the hydrogen atom H(l) was well determined (ie, in the 
last cycle of the least-squares refinements, shift/error was very small-
about Tu of the estimated standard deviation). 
For the data set collected at 303 0 K, there was fluctuation in the 
occupancy of H(l) (by more than two standard deviations) and the value 
of ZWA2,  and no full convergence was achieved in the least-squares 
refinements. The minimum value of Ew 2 , however, was observed when 
the occupancy of H(l) was 0.65(5). To check the minimum Zw 2 the 
occupancy of H(l) was fixed at 0.75, 0.70, 0,65, 0.60, 0.55 and 0.50 
and all other parameters were refined as before. The lowest value of 
was again obtained at the value of 0.65. Therefore, this value 
was considered as the best estimate. 
From the 3230 K data, the refined occupancy of H(l) in the last 
cycle of the least-squares refinements was found to be 0,61(7) but no 
full convergence was achieved again either in the occupancy of H(l) or 
Ew 2 . 	As the hydrogen atom was presumed to be fully disordered in the 
high-temperature phase, the occupancy of H(l) was then kept fixed at 
0.50 and all other parameters were refined. A significant improvement 
in the value of EWA2  (see model a and b of Table 7.6) and other 
agreement factors of the least-squares refinements suggested that H(l) 
may be completely disordered in the high temperature phase. The sym-
metry of the PbHPO 4 structure using 323 ° K data has been examined in 
detail in Section 7.3.4. 
In the low-temperature space group, Pc, the refined positional 
and thermal parameters of all the atoms of PbHPO 4 at various tempera-
tures are compared in Tables 7.4 and 7.5 9 respectively. 
7.3.4 	Refinement of the Crystal Structure of PbHPO4 in the High- 
Temperature Space Group 
The crystal structure of PbHPO 49 above the transition temperature s 
was presumed to be centrosymm ?tric (Negran et al.). But for neither 
PbHPO 4 nor PbDPO 4 has it been shown to be so. The systematic absences 
(in h 0 i 9. = 2n + 1 absent) are the same for both space groups (Pc 
or P2/c). 
Using the 323° K data the crystal structure of PbHPO4 was refined 
for the several models: 
Model a. 	Pc with free-refinement of occupancy of the hydrogen H(l) 
Model b. 	Pc with fixed occupancy of the hydrogen atom H(l) at 
Model c. 	P2/c with the hydrogen atom at a single site I (ordered H) 
Model d. 	P2/c with the hydrogen atoms completely disordered. 
Models a and b: The crystal structure of PbHPO 4 using 3230 K data has 
already been refined for the models a and b (Section 7.3.3). 
The agreement factors obtained from the least-squares refinements of 
the structure for these two models are given in Table 7.6. 
Model c (order model): First the Pb and P atoms were placed on the 
diad axis of space group P2/c (Fig 7.2(b)) and the hydrogen atom at 
the centre of inversion 9 1 9 (at 	 The oxygen atoms 0(3) and 0(4) 
will then be symmetry-related atoms of 0(1) and 0(2). The refined 
positional and thermal parameters of the oxygen atoms, 0(1) and 0(2), 
obtained from model b were used as the starting atomic parameters for 
these two atoms for the space group P2/c . 	In this model 
the anisotropic thermal parameters of the hydrogen atom were refined. 
Then, a total of 36 variable parameters (8 positional and 26 thermal 
parameters, a scale factor and an isotropic extinction parameter) 
were refined. The agreement factors of the least-squares refinement 
are given in Table 7.6. 
Model d (disordered model): For this model, the hydrogen atom was 
placed in a general position at the site I (Fig 7.4) with half 
occupancy. All other atoms were placed in the same placesas in the 
order model c. A total of 39 variable parameters (11 positional 
and 26 thermal parameters, a scale factor and an isotropic extinction 
parameter) were refined. The same weighting scheme 
= ((Fe ) + 0,03F0 ] 	and data set were used in the refinements of 
models c and d. The agreement factorsobtained in the least-squares 
refinement for this model are also given in Table 7.6. 
From the agreement factors for the two models a and d, it is 
seen that, in spite of there being 20 fewer variable parameters for 
the space group P2/c compared with space group Pc, Ew 2 was found 
to be decreased (Table 7.6) significantly, It is, therefore, concluded 
that the space group in the high temperature phase is P2/c. The 
conclusion about the crystal structure at 323 ° K (above transition 
temperature) as centrosynimetric with space group P2/c is in full agree-
ment with the studies of some physical properties (for example, no 
ferroelectric and piezoelectric properties in PbHPO 4 above the tran-
sition temperature). 
Now ordering/disordering of the hydrogen atom was investigated 
by applying the significance test to the wR-ratio for the two models, 
c and d 	(Table 7.6). There were only three extra parameters in the 
disordered model which led to a significant reduction in EWA2. 	The 
improvement in fit for the disordered model was found to be significant 
at a confidence level of 99.99%, 
The positional and thermal parameters of the disordered model 
are given in Tables 7,4 and 7.5 respectively. 
Table 7.4: Refined positional parameters of all the atoms and occupancy of H(l) for PbHPO 4 at various 
temperatures. 	The positional parameters are given in fractional doordinates. 	The parameters 
given at 3230 K are for the disordered model. 
Atom Coor- 
dinates 
for the space group Pc for the space 
group P2/c 
173°K 	 2000 K 	 277°K 	 296° K 	 3030 K 3230 K 
Pb x 0 0 0 0 0 0 
y 0.1999(1) 0.2002(3) 0.1999(1) 0.1999(1) 0.1998(1) 0.1997(1) 
z 0.25 0.25 0.25 0,25 0.25 0,25 
P x 0.5102(8) 0.5114(15) 0.5072(10) 0.5053(6) 0.5030(10) 0.50 
y -0,2051(3) -0.2047(5) -0.2061(5) -0.2061(2) -0.2063(3) -0.2068(3) 
z 0.2284(3) 0.2287(5) 0.2339(5) 0.2379(3) 0.2397(7) 0.25 
0(1) x 0.3813(6) 0.3832(12) 0.3814(10) 0.3800(8) 0.3760(10) 0.3791(2) 
y -0.3423(4) -0.3420(9) -0.3428(6) -0.3431(5) -0.3421(7) -0.3411(2) 
z 0.4122(3) 0.4134(9) 0.4183(7) 0.4217(5) 0.4239(8) 0.4340(2) 
0(2) x 0.2607(6) 0.2604(12) 0.2595(10) 0.2579(8) 0.2572(10) 0.2564(1) 
y -0.0744(4) -0.0755(6) -0.0756(6) -0.0764(5) -0.0751(7) -0.0775(1) 
z 0.1154(3) 0.1168(7) 0.1192(5) 0.1215(3) 0.1228(8) 0.1278(1) 
0(3) x 0.6251(6) 0.6272(12) 0.6245(10) 0.6225(8) 0.6184(10) - 
y 0.3378(4) 0.3378(6) 0.3388(6) 0.3390(5) 0.3403(7) - 
z 0.5438(3) 0.5451(8) 0.5507(7) 0.5538(5) 0.5565(8) - 
0(4) x 0.7486(6) 0.7485(12) 0.7471(10) 0.7457(8) 0.7447(10) - 
y -0.0789(4) -0.0786(7) -0.0787(6) -0.0782(3) -0.0799(7) - 
z 0.3613(3) 0.3624(7) 0.03639(7) 0.3659(3) 0.3673(8) - 
cont/.. 
Table 7.4 cont, 
Atom Coor- 
dinates 
for the space group for the space 
group P2/c 
173°K 	 200°K 	 277°K 	 296°K 	 303° K 323° K 
H(1) x 0.4894(10) 0,4096(12) 0.4868(8) 0.4852(8) 0.4824(8) 0.4871(10) 
y 0.5228(6) 0,5230(9) 0,5208(6) 0,5209(5) 0.5196(8) 0.5218(10) 
z 0,4637(7) 0.4649(9) 0,4671(7) 0.4698(5) 0.4698(8) 0.4801(9) 
H(2) x 0.5170 0,5197 0,5090 0.5173 0.5110 - 
y -0,5273 -0,5272 -0.5248 -0.5250 -0.5217 - 
z 0,4923 0.4935 0,5018 0.5057 0.5113 - 
H(l) occup- 1,05(5) 0.99(6) 0,84(4) 0,73(3) 0.65(6) 0.50 (fixed) 
an cy 
Table 7.5 	Thermal parameters of PbHPO 4 at various temperatures (in A). 	Thermal parameters at 3230 K for the 
space group P2/c(disordered model)otherwise for the Pc space group. 
Atoms U or B 	173°K 
	
2000 K 	2770 K 	296° K 	303°K 	3230 K 
Pb 	U11 0.0069(1) 0.0077(4) 0.0115(1) 0.0132(1) 0.0129(1) 
U 22 0.0037(1) 0.0050(4) 0.0074(1) 0.0088(1) 0.0085(1) 
U33 0.0060(1) 0.0073(4) 0.0110(1) 0.0126(1) 0.0129(1) 
U 12 0.0004(1) 0.0003(4) 0.0009(1) 0.0003(1) 0.0006(1) 
U 23 -0.0007(1) -0.0008(4) -0.0015(1) -0.0018(1) -0.0023(1) 
U13 -0.0001(1) -0.0009(4) -0.0002(1) -0.0001(1) -0.0010(1) 
P 	U11 0.0040(1) 0.0041(4) 0.0067(1) 0.0074(1) 0.0073(1) 
U22 0.0031(1) 0.0039(4) 0.0053(1) 0.0063(1) 0.0062(1) 
U33 0.0055(1) 0.0052(4) 0.0078(1) 0.0095(1) 0.0092(1) 
U 12 -0.0005(1) -0.0011(5) -0.0019(1) -0.0014(2) -0.0015(2) 
U 23 -0,0005(1) -0.0006(5) -0.0006(1) -0.0009(1) -0.0009(1) 
U 13 0.0004(1) 0.0002(5) 0.0002(2) 0.0002(2) 0.0004(3) 
0(1) 	U11 0.0096(2) 0.0112(5) 0.0142(2) 0.0159(2) 0.0143(3) 
U 22 0.0062(2) 0.0077(4) 0.0100(3) 0.0100(3) 0.0111(4) 
U33 0.0139(1) 0.0159(5) 0.0244(2) 0.0235(2) 0.0263(3) 
U 12 0.0052(1) 0.0057(4) 0.0077(1) 0.0077(1) 0.0097(2) 
U 23 0.0044(1) 0.0055(5) 0.0060(2) 0.0066(1) 0.0072(2) 




















Atoms U 11 or B 	173° K 	200° K 	2770 K 	2960 K 	303° K 	3230 K 
0(2) U 11 0.0058(2) 0.0072(4) 0.0093(2) 0.0098(1) 0.0096(2) 
U 22 0.0062(2) 0.0075(5) 0.0101(3) 0.0129(3) 0.0100(3) 
U 33 0.0064(1) 0.0063(5) 0.0085(1) 0.0094(1) 0.0094(1) 
U 12 0.0001(1) 0.0001(5) 0.0001(2) 0.0013(2) 0.0014(2) 
U 23 -0.0019(1) -0.0019(4) -0.0024(1) -0.0026(1) -0.0029(2) 
U 13 0.0007(1) 0.0008(5) 0.0015(2) 0.0034(1) 0.0046(2) 
0(3) U 11 0.0111(2) 0.0131(5) 0.0170(3) 0.0182(2) 0.0197(3) 
U 22 0.0063(2) 0.0083(6) 0.0100(3) 0.0130(4) 0.0113(3) 
U 33 0.0115(1) 0.0145(6) 0.0188(2) 0.0212(1) 0.0196(2) 
U 12 0.0045(1) 0.0054(6) 0.0072(1) 0.0080(1) 0.0074(2) 
U 23 0.0042(1) 0.0054(6) 0.0067(2) 0.0078(1) 0.0095(2) 
U 13 0.0012(1) 0.0021(5) 0.0025(2) 0.0038(1) 0.0035(3) 
0(4) U 11 0.0066(2) 0.0068(6) 0.0094(3) 0.0106(1) 0.0102(2) 
U 22 0.0068(2) 0.0063(5) 0.0120(3) 0.0117(1) 0.0146(3) 
U 33 0.0061(1) 0.0069(6) 0.0069(1) 0.0104(1) 0.0095(1) 
U 12 -0.0008(1) -0.0006(6) -0.0016(1) -0.0003(1) -0.0002(2) 
U 23 -0.0007(1) -0.0017(6) -0.0017(1) -0.0019(1) -0.0016(2) 
U 13 -0.0022(1) -0.0027(5) -0.0037(1) -0.004(2) -0.0041(2) 
 B 1.59(4) 1.80(6) 1.89(4) 1.81(4) 1.84(4) 
 B 1.59 1.80 1.89 1.81 1.84 


















Table 7.6: Some agreement factors obtained in the last cycle of the least-squares refinements using the various 
data sets. The agreement factors are defined as in Section 2.9. 
For the Space Group Pc Different Models 	(see text) at 
Agree- 1730 K 2000 K 277° K 2960 K 303° K 323° K 
ment 
factors a b c d 
R 0.022 0.020 0.022 0.035 0.021 0.026 0.026 0.026 0.025 
wR 0.031 0.025 0.028 0.042 0.026 0.034 0.032 0.033 0.032 
S 0.86 0.79 0.79 0.90 0.75 0.84 0.84 0.83 0.81 
n 507 183 515 736 516 516 516 516 516 
m 59 59 59 59 
1
59 59 58 36 39 
380.9 48.2 259.6 583.7 144 235,24 217.52 231.75 210.21 
7.3.5 	Discussion 
The lattice parameters of PbHPO 4 as a function of temperature have 
been measured by Horvath and Kucharczyk (1978) using an X-ray photo-
graphic method (Polcavova and Zura, 1977). They have found a linear 
increase in the a- and c-parameters with increasing temperature (from 
room temperature). The b- and -parameterswere found to be non-linear 
at T. 	The measured lattice parameters above (Horvath and 
Kucharezyk, 1978) and below (present study) 	room temperature are 
given in Table 7.7. 
By varying the external conditions (ie, temperature, pressure, 
electric field, stress etc.) relative atomic displacements within a 
unit cell may be produ6ed in many crystals. Relative ionic displace-
ments of the order of A have been observed in some ferroelectric 
crystals as spontaneous polarization or spontaneous strain is re-
oriented in an electric or stress field (Abrahams and Bernstein, 
1973). The relative atomic displacements as a function of tempera-
ture have also been examined here. The variation with temperature in 
the x and z coordinates of the P atom with respect to Pb were found 
to be similar to that of the spontaneous polarization. The total 
relative displacement and the components in the x and z directions 
of the P atoms at various temperatures are given in Table 7.8. Also 
the total relative displacements of P are plotted against tempera-
ture in Fig. 7.7. 
The positional parameters of all the atoms at 173 ° K and 200° K 
(Table 7.4) were found to be the same within two standard deviations. 
This suggests that the relative atomic displacements which have pre-
sumably some contributions to the spontaneous polarization (Section 
7.1), saturate (ie 9 no further displacement other than those 
associated with thermal contraction) at about 200 ° K (ie, T - llO° K), 
This result is in good agreement with the P
s saturation temperature 
shown in Fig 7.1 	Furthermore, the refined occupancy of the 
hydrogen atom H(l) (see Table 7.4 and Fig. 7.6) has reached unity 
(within error) by 2000 K. In the PbDP04 crystal, the spontaneous 
polarization saturates (see Fig 7.1 ) at about room temperature 
(ie, Tc - 154° K). The relative displacements of the P atom in this 
compound .(PbDP0 4 ) are compared with those of PbHPO 4 in Table 7.8. 
WE 
MLS 











(A) (in degrees) 
References 
173 4.659(3) 6.622(4) 5.753(4) 97.06(3) Present work* 
277 4.681(1) 6.648(1) 5.779(1) 97.13(1) Present work** 
298 4.68313(1) 6.64384(3) 5.77998(5) 97,139(2) 	çHorvath and 
303 4.68338(1) 6.64264(3) 5.78064(5) 97.143(2) 	./Kucharczyk, 
323 4.68453(1) 6.64299(3) 5.78305(5) 97.156(3) 	L1978 
* Measured on the neutron diffractometer 9 D8. 
** Measured on the x-ray diffractometer, CAD-4. 
Table 7.8: The displacement of P with respect to Pb in 
PhUPO4 (see Table 7.4) and PbDP04 (see Table 7.9) 
in the a.c. 	plane at various temperatures. 1x and Az are the relative 
displacements of P 
with respect to Pb in the x and z directions respectively, and tr 
is the total relative 
displacement. 	The displacements are given in )\ units. 
Compound Relative 
173°K 	200°K 277 K 
o 296 K ° 303K 3230 K 
Displacement 
PbHPO4 Ax 0.048(4) 	0.053(7) 
0.034(5) 0.025(3) 0.014(7) 0 
Az 0,124(2) 	0.123(3) 0.093(3) 
0.070(2) 0,060(2) 0 
Ar 0.133(4) 	0,134(8) 0.099(6) 
0,074(4) 0.062(9) 0 
- 0,042(8) - - 
PbDP04 Ax - - 
- 0.152(8) - - 
AZ - - 
- 0.158(10) - - 






100 	 200 	 300 
Toprou' ( 	) 
Fig 7.6 	The refined occupancies (shown as diamonds) with error bars, 
of H(l) at various.ternperatures (173, 200, 277, 296 and 303 0 K). 
These occupancies are normalised at 173 0 K to the spontaneous 
polarization versus temperature curve (after Smutny and 





























100 	 200 	 300 
Temperature (.°() 
0 
Fig 7.7 	The total relative displacements (in A) in the a-c plane 
of the P-atom (shown by diamonds, with error bars), of PbH 9 P0 
with respect to Pb (at 0, y, fl at 173, 200, 277, 296 and 030 K. 
These relative displacements are normalised at l73 °K to the 
spontaneous polarization versus temperature curve as shown by 
open circles and the continuous curve (after Smutny and Fousek, 
1977). 
jI 
The positional parameters of these compounds at the temperatures 
where the atomic displacements saturate have been compared in Table 7.9 
In the low-temperature space group, Pc, the displacements of 
the PO 4 group relative to Pb which was held fixed at (0 y ç) for the 
reason given before, are temperature dependent (Table 7.4). Above the 
transition temperature, in the high-temperature space group, P2/c; 
the P atom was found to be on the diad axis (at for the 
origin chosen at the centre of inversioncT) 	(see Fig 7.2). 
It has been presumed that the ferroelectricity in PbHPO 4 originates 
from 	double minima (Negran et al; and Blinc et al, 1976) and order- 
ing of the protons along the chains. Negran et al have reported that 
contributions to the spontaneous polarization are mainly from the 
proton displacement (or ordering of the disordered hydrogen atoms), 
but some contribution to Ps could be from the displacements of the 
remaining atoms. If the ordering of the hydrogen atoms is the main 
contribution to the magnitude of the spontaneous polarization, the 
occupancy of the hydrogen atoms, H(l) and H(2), should be related 
to the magnitude of Ps in the PbHPO4 crystal. The refined 
occupancies of the hydrogen atom H(l) for the two data sets at 
173° K and 200 ° K as unity (Table 7.4) suggest that the hydrogen 
atom is fully ordered at about 200 0 K. The refined occupancies 
of the H(l) atom are plotted as a function of temperature, and 
compared with the curve of the temperature dependence of the spon-
taneous polarization in Fig 7.6. It has been found that within 
error the occupancy of the hydrogen atom follows the spontaneous 
polarization versus temperature curve. 
The bond lengths and angles at various temperatures from the 
positional and lattice parameters given in Tables 7.4 and 7,7 
respectively were calculated (Table 7,10). From Table 7.10 it is 
found that the bond distances of the PO 4 group at various tempera-
tures in the ferroelectric phase are approximately constant (within 
error), This means that the relative displacement of all the oxygen 
atoms as a function of temperature, is the same as that of the P 
atom. Except for the bond angles 0(1) - P - 0(2) and 0(3) - P - 0(4); 
all the other bond angles of the PO 4 group are also approximately 
constant (within error) as a function of temperature. The distance 
between the two sites of the disordered hydrogen atom was found to 
Table 7.9: Comparison of the positional parameters*of all the atoms 
for the'saturated'(in the ferroelectric phase) crystal 
structures of (a) PbHPO4 at T73 0 K (Table 7.4) and 
(b) PbDP04 at room temperature (Brickenkamp 9 1976). 
Atoms x y Z 
Pb a 0 0.1999(1) 0.25 
b 0 0.1992(2) 0,25 
P a 0.5102(8) -0.2051(3) 0.2284(3) 
b 0.509(1) 0.2046(4) 0.2239(8) 
0(1) a 0.3813(6) -0.3432(4) 0.4122(3) 
b 0.383(1) -0.3406(7) 0.4085(8) 
0(2) a 0.2607(6) -0.0744(4) 0.1154(3) 
b 0.263(1) -0.0764(6) 0.1132(8) 
0(3) a 0.6251(6) 0.3378(4) 0.5438(3) 
b 0.621(1) 0.3374(7) 0.5420(8) 
0(4) a 0.7486(6) -0.0789(4) 0.3613(3) 
b 0.751(1) -0.0794(6) 0.3580(7) 
H(1) a 0.4894(10) 0.5228(6) 0.4637(7) 
D b 0.488(1) 0.5280(5) 0.4580(7) 
* 	The positional parameters of the structures are given 
in fractional 	coordinates. 
0 
Table 7.10 Comparison of some bond lengths (A) and bond angles (in degrees) 
calculated from the refined positional parameters (taken from 
Table 7.4). The cell dimensions given in Table 7.7 were used 
for the calculations. 




 P - 0 distances 
P 0(1) 1.568(4) 1.569(6) 1.568(4) 1.568(6) 1.549(2) 
P 0(2) 1.529(4) 1.531(6) 1.533(4) 1.532(6) 1.529(1) 
P - 0(3) 1.525(3) 1.531(6) 1.534(4) 1.532(6) - 
P - 0(4) 1.519(4) 1.527(6) 1.524(4) 1.524(6) - 
0 ... 0 distances 
0(1) - 	0(2) 2.478(3) 2.495(5) 2.496(4) 2.498(7) 	2.505(1) 
0(1) - 0(3) 2.544(3) 2.531(6) 2.531(5) 2.529(7) 	- 
0(1) - 0(4) 2.486(4) 2.499(6) 2.503(5) 2.502(7) - 
0(2) - 0(3) 2.503(4) 2,511(6) 2.505(5) 2.504(7) 	- 
0(2) - 0(4) 2.525(4) 2.531(6) 2.532(4) 2.531(6) 	- 
0(3) - 0(4) 2.519(3) 2.511(6) 2.515(4) 2.511(6) - 
Bond Angles 
0(1) - 0 - 0(2) 106.3(3) 107.1(4) 107.2(2) 107.4(4) 	108.98(4 
0(1) - P - 0(3) 109.4(2) 109.1(3) 109.4(3) 109.3(3) - 
0(1) - P - 0(4) 107.2(2) 107.6(3) 108.1(2) 108.1(3) 	- 
0(2) - P - 	0(3) 110,1(2) 110.1(3) 109.5(2) 109.6(3) - 
0(2) P 0(4) 111.9(2) 111.7(3) 111.8(2) 111.9(3) 	- 
0(3) - P - 0(4) 111.7(3) 110.8(4) 110.7(2) 110.5(2) - 
Hydrogen Bond Geometry 
0(1) 	- 	H(l) 1.050(5) 1.054(6) 1.050(5) 1.062(6) 1.060(4) 
H(1) 	... 	0(3') 1.429(5) 1.427(6) 1.425(5) 1.414(6) 1.414(4) 
H(1) 	- 	11(2) 0.388(4) 0.384(4) 0.375(4) 0.379(3) 0.375(5) 
0(1)-H(l). ..0(3) 176.7(5) 175.6(5) 175.4(4) 174.3(4) 174.1(4) 
0(1) 	... 	0(3') 2.477(4) 2.479(6) 2.473(5) 2.472(6) 2.471(2) 
* The bond lengths and angles at 323 0 K are given 
for the disordered model. 
92 
be temperature independent. 
7.4 	Conclusion 
From the most extensive structural investigations of PbHPO 4 
at various temperatures, the hydrogen atom, (in the ferroelectric 
phase) was found to be in the double potential well with different 
distributions. The relative atomic displacements and the occupancy 
of the hydrogen atoms (within errors) were found to be temperature 
dependent and followed the spontaneous polarization- 
temperature curve. The crystal structure of this compound in the 
high temperature phase was found to be centrosynrrnetric (space group 
P2/c) 9 and there the hydrogen atom is equally distributed on both 
sides of the centre of inversion. The onset of ordering of the 
proton system in the ferroelectric phase accompanying the heavy 
ion displacement suggests that the phase transition in PbHPO 4 is 
of second order. 
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APPNflTY A 
Room temperature X-ray and neutron observed structure 
amplitudes for (i) TlH 2PO4 (ii) CsH2PO4 and (iii) NaH 2PO4 (only 























































































X—ray Neutron X—ray Neutron X—ray Neutron k 1 Fobs Sig Fobs Sig 1, k 1 Fobs Sig Fobs Sig b k 1 Fobs Sig Fobs Sig 2 324 2 1 3 7 359 9 2 4 —3 490 S 03 131 5 138 7136 2 4-2 67 0 41195 4 1 3 9 221 15 2 4-1 570 5 0 5 150 18 67 10 1 4 —5 45 13 2 4 0 155 10 237 3 0 6 782 6 105 7 1 4 —3 115 6 2 4 1 560 7 0 7 113 25 37 20 1 4 0 57 7 2 4 2 144 11 75 10 09405 5 141 3916 243 423 7 5212 1 1 48 11 1 4 2 153 5 2 4 5 377 3 144 5 12 74 8 143 5511 24722314 
1 4 275 3 1 4 5 45 14 2 5 —2 52 4 1 5 62 11 1 5 —7 68 47 2 5 —1 si 7 1 6 36 21 1 5 —6 194 15 2 5 0 49 13 1 7 85 10 1 5 —5 157 16 2 5 1 163 4 2 0 172 3 1 5 —4 270 9 2 5 2 50 2 2 1 33 46 69 7 1 5 —3 290 9 2 6 —5 155 18 2 2 135 4 1 5 —2 310 9 57 10 2 6 —4 56 45 
2 3 173 7 1 3 —1 337 7 171 4 2 6 —3 229 13 2 4 1102 4 294 3 1 5 0 51 10 2 6 —1 237 12 25185 9 151406 8 38 7 26124512 
26705 6 276 3 152 91 2 26319514 
28361 9 153361 8 26511125 
3 0 31 15 1 5 4 127 19 3 1 —9 297 10 
32 236 3 15528411 31-7522 5 3 3 52 14 1 5 7 209 15 3 1 —6 325 7 99 8 3 4 95 7 1 7 1 130 27 .3 1 —5 872 5 222 4 3 5 44 16 1 7 2 93 31 3 1 —4 539 4 155 5 3 6 54 12 2 0 —9 172 15 3 1 —3 100 6 4 0 955 5 287 3 2 3 —S 211 11 3 1 —1 237 3 4 1 76 12 2 0 —7 453 7 140 6 3 1 0 52 10 4 2 832 5 337 3 2 0 —6 368 6 351 4 3 1 1 247 3 4 3 76 20 36 18 2 0 —5 844 4 193 5 3 1 2 62 9 4 4 600 5 101 6 2 2 —4 235 5 32 22 3 1 4 803 4 44 16 4 5 49 12 2 3 —3 195 4 3 1 5 493 5 151 6 4 6 321 9 2 0 —2 143 5 51 10 3 1 6 485 6 
4 7 69 42 2 0 —1 127 4 3 1 7 198 12 4 8 192 16 2 3 1 137 3 3 1 9 292 10 51 4514 202513 3 54 9 319 7637 5 2 192 4 2 0 3 340 3 3 2 —7 50 12 6 0 310 10 2 0 4 340 5 35 20 3 2 —4 96 6 6 2 297 10 2 0 5 742 5 99 8 3 2 —2 161 4 6 4 237 12 2 0 6 279 8 34 71 3 2 —1 125 4 1 —e 281 10 2 0 7 420 7 101 8 3 2 0 45 11 1 —7 230 10 67 12 2 0 3 198 14 3 2 1 232 3 1-6 434 6 103 7 20919515 323 64 9 1 —5 503 5 154 5 2 1 —5 96 9 3 2 4 69 9 1 —4 809 4 139 6 2 1 —4 51 12 3 2 5 151 5 1 —3 250 3 2 1 —3 145 5 3 2 7 35 19 1 —2 64 9 2 1 —2 307 3 3 3 —9 213 14 
1 —1 302 2 2 1 0 35 14 3 3 —7 345 9 
1 0 64 8 2 1 1 53 10 3 3-6 172 11 43 14 1 1 333 2 2 1 2 109 5 3 3 —5 629 6 192 4 1 3 177 4 2 1 3 203 4 3 3 —4 355 6 130 5 1 4 514 5 58 12 2 1 4 86 8 3 3 —3 543 5 313 3 1 5 982 5 313 4 2 1 5 171 5 3 3 —2 565 4 82 7 1 6 245 8 87 9 2 1 5 62 12 3 3 —1 783 4 103 5 1 7 580 7 2 2 —9 162 15 3 3 0 614 5 130 4 1 8 95 24 2 2 —7 325 9 3 3 1 669 5 59 10 1 9 300 11 2 2 —6 174 10 3 3 2 621 5 55 10 2 —7 69 9 2 2 —5 559 5 72 9 3 3 3 540 6 160 4 2 —5 14 5 2 2 —4 217 7 3 3 4 523 6 2 —4 126 5 2 2 —3 976 4 120 5 3 3 5 273 8 
2 —3 44 13 2 2 —2 234 5 257 3 3 3 6 341 8 37 18 2 —2 144 4 2 2 —1 348 2 3 3 7 123 20 
2 —1 31 19 2 2 0 114 10 136 4 3 3 9 193 15 
20 85 6 221 396 2 339 4963 




























8 3 —7 169 14 2 2 10 101 33 3 4 3 60 11 3 —6 374 7 2 3 —5 73 9 3 4 4 37 17 3 —5 361 7 166 5 2 3 —4 123 6 3 4 5 90 7 3 —4 439 5 117 6 2 3 —3 52 10 3 5 —7 196 15 
3 —3 612 5 164 4 2 3 —1 154 4 3 5 —5 262 11 3 —2 607 4 154 4 2 3 1 219 3 3 5 —4 163 14 
3 —1 802 4 137 4 2 3 2 197 4 3 5 —3 366 5 
3 0 726 4 220 3 2 3 3 99 5 3 5 —2 237 8 
3 1 904 4 276 3 2 3 4 171 4 3 5 —1 371 7 82 7 
3 2 552 5 33 17 2 3 5 41 16 3 5 0 289 9 38 15 
33996 5 338 3 236 5911 351309 9 123 5 3 4 292 7 2 4 —7 204 13 3 5 2 293 10 53 11 
3 5 523 6 183 5 2 4 —5 363 7 123 5 3 5 3 272 10 
3 6 207 10 102 7 2 4 —4 186 9 97 7 3 5 4 224 12 
X—ray Neutron X—ray Neutron X—ray 
h 	k 1 Fobs Siz Fobs Sig h k 1 Fobs Siz Fobs Sig h k 1 Fobs Sig 
3 5 6 175 17 5 1 —4 513 4 6 1 —1 
3 	7 0 127 27 5 1 —3 984 7 321 3 S 1 0 
371 9735 51-2 247 3 612 
4 	0 —E 390 8 5 1 —1 152 4 6 1 3 
40-7 152 6 510 695 4 52 9 614 
40-6692 5 4418 511 293 3 515 
4 	3 —5 42 25 240 4 5 1 2 245 3 5 2 —9 149 19 
4 0 —4 1209 4 371 3 5 1 3 1193 4 344 3 6 2 —7 294 9 
4 	0 —3 303 4 157 4 5 1 4 346 6 6 2 —6 86 19 
4 2. —2 224 3 5 1 5 798 5 196 6 6 2 —5 553 5 
400 440 2 51512515 19 3 62-4 
4 	0 1 51 11 5 1 7 512 7 6 2-3 762 4 
4 	0 2 187 4 5 1 9 73 36 6 2 —2 38 53 
4 3 4 1157 4 293 4 5 1 9 274 12 6 2 —1 
4 	0 5 383 6 5 2 —5 31 21 6 2 0 53 24 
4 	3 6 747 6 229 5 5 2 —5 103 7 6 2 1 728 5 
4 0 7 179 14 182 5 5 2 —3 199 4 6 2 2 222 8 
4 	0 8 353 9 5 2-2 31 19 6 2 3 760 5 
4 	0 9 75 39 5 2 —1 227 3 6 2 4 324 7 
4 1 —5 33 24 5 2 0 40 14 6 2 5 511 7 
4 	1 —5 35 20 5 2 1 112 5 6 2 6 273 10 
4 1 —4 42 19 5 2 2 34 6 6 2 7 264 11 
4 	1 —3 278 3 5 2 4 175 4 5 2 9 175 17 
4 1 —2 48 12 5 2 5 39 16 5 2 9 119 27 
4 	1 —1 243 3 5 3 —8 160 16 6 3 —5 
4 1 1 337 3 5 3 —7 176 13 6 3 —4 
4 	1 3 179 5 5 3 —6 278 e 47 13 6 3 —3 
4 1 4 93 8 5 3 —5 345 7 129 5 6 3 —1 
415 4716 53-4433 6 3917 630 
4 	2 —8 327 9 5 3 —3 570 5 142 5 6 3 1 
4 2 —7 152 13 106 6 5 3 —2 525 5 155 4 6 3 2 
4 	2 —6 610 6 123 6 5 3 —1 799 5 299 3 6 3 3 
42-5 7119 5112 530464 5 634 
4 	2 —4 1029 4 306 3 5 3 1 876 5 250 3 6 3 5 
4 2 —3 70 13 106 6 5 3 2 360 6 37 7 6 4 —8 81 32 
4 	2 —2 1315 3 151 4 5 3 3 549 6 33 19 6 4 —7 133 19 
4 	2 —1 223 5 297 3 5 3 4 224 9 6 4 —6 108 20 
4 2 0 400 2 5 3 5 559 7 147 5 6 4 —5 270 9 
4 	2 1 271 6 287 3 5 3 6 101 28 104 7 6 4 —4 
4 	2 2 1302 4 311 3 5 3 7 392 9 6 4 —3 470 6 
4 2 3 241 7 116 5 5 3 9 208 17 6 4 —2 
4 	2 4 956 5 266 3 5 4 —4 84 8 6 4 —1 499 6 
425 71 9 54-3 19 3 64010720 
4 	2 6 580 7 132 5 5 4 —1 84 8 6 4 1 499 7 
42830911 540 130 5 642 
43-5 117 6 543 100 7 643412 8 
4 	3 —3 186 4 5 5 —7 69 40 6 4 4 
4 3-1 46 12 5 5-6 141 19 6 4 5 242 12 
430 57 9 55-513023 64615219 
4 	3 1 93 7 5 5 —4 227 11 5 4 7 137 22 
4 	3 2 33 7 5 5 —3 233 10 6 4 9 125 32 
4 	3 3 250 4 55-2234 10 65-1 
434 4615 55-1339 8 93 7 650 
435 92 7 550 5210 651 
4 	4 -e 204 14 5 5 1 476 8 151 5 6 6 —5 127 24 
4 4 —7 76 32 5 5 2 164 16 6 6 —3 167 18 
4 	4 —6 355 8 5 5 3 396 9 6 6 —1 191 15 
4 	4-4 540 6 138 5 5 3 5 299 12 6 6 1 202 16 
44-3 5028 95 7 555 7343 66312531 
44-2725 5 135 5 55717719 564 7741 
4 	4 —1 192 4 5 7 —1 99 60 6 6 5 108 32 
4 4 0 775 6 247 3 5 7 3 73 41 7 1 —9 230 12 
4 	4 1 151 5 5 7 1 123 29 7 1 —8 95 24 
4 	4 2 713 6 225 4 6 7 —9 144 19 7 1 —7 387 7 
4 	4 3 153 13 147 5 5 0 —8 146 15 7 1 —6 272 7 
4 	4 4 529 7 170 4 6 7 —7 338 7 7 1 —5 641 5 
4 	4 5 107 26 6 0 —6 194 10 133 7 7 1 —4 483 5 
4 4 6 328 13 6 2 —5 615 5 13 2 7 1 —3 919 4 
4 	4 7 95 29 6 2 —4 160 7 204 4 7 1 —2 717 4 
4 	4 8 204 16 6 7 —3 997 4 107 6 7 1 —1 878 4 
1 c 0 - 11 6 aA A. ? 1 0 
4 	5 —1 49 11 6 0 —1 345 3 7 1 1 870 5 
450 5510 670 121 5 712656 5 
451 69 8 671 192 4 713529 5 
452 66 8 672536 4 316 3 714634 6 
4 	6-4 259 12 6 7 3 858 5 53 12 7 1 5 312 8 
4 6 —2 325 10 6 2 4 368 6 127 6 7 1 6 427 7 
46-1 4460 605528 6 150 5 717 9724 
4 	6 0 343 10 6 3 6 213 11 125 7 7 1 9 232 13 
461 7734 60725611 4516 72-5 
4 	6 2 300 12 6 0 9 223 13 72-5 
4 	5 4 237 14 6 0 9 142 22 7 2-4 
s 1 -e 214 11 6 1 —5 175 5 7 2 —2 
5 	1 —7 214 11 6 1 —4 113 7 7 2 1 
5 1 —6 427 6 112 7 6 1 —3 99 7 7 2 2 


























































































h 	Ic 1 Fobs Sig Fobs Sig 
7 	2 4 118 6 
72 S 34 8 
7 	3 —9 158 15 
7 	3—? 296 9 
7 	3 —S 161 12 
7 	3-5 459 S 71 9 
7 3-4 327 6 83 8 
7 	3-3 550 5 
7 	3-2 428 5 124 6 
7 3 —1 632 5 194 4 
7 	3 0 498 6 43 14 
7 	3 1 547 6 187 4 
7 3 2 593 6 160 5 
7 	3 3 35? 7 
7 	3 4 450 7 162 5 
7 	3 5 217 10 
7 	3 6 247 11 
7 	3 7 91 30 
7 	3 8 174 18 
7 	4-2 45 13 
7 	4-1 73 9 
7 	4 2 32 20 
7 	4 3 40 17 
7 	5 —7 164 18 
7 	5-6 7634 
7 	5 —5 246 12 
7 	5 —4 153 16 
7 	5-3 305 9 
7 5 —2 244 10 
7 	5-1 309 9 
7 5 0 229 11 
7 	5 1 252 12 
7 	5 2 241 12 
7 5 3 195 15 
7 	5 4 194 15 
7 	5 5 105 29 
8 	0-8 324 9 
8 	0-6 599 5 237 4 
8 	0-5 94 9 
8 0-4 999 4 358 4 
8 	0-3 117 9 106 7 
8 	0 —2 1150 4 266 3 
8 	0 —1 113 10 
8 	0 01081 4 129 5 
8 	0 1 218 7 
8 	0 21259 4 472 3 
6 0 3 256 7 123 6 
3 	0 4 937 5 433 4 
8 	0 5 295 9 142 7 
8 	0 6 560 7 262 4 
8 	0 7 153 17 
8 	0 9 282 12 
81-5 5216 
8 	1-4 195 5 
8 1-2 17 2 
9 	1-1 13 4 
8 	1 1 43 14 
8 1 2 100 7 
8 	1 3 82 9 
8 1 4 278 4 
3 	2 -e 249 11 
8 	2-6 434 6 87 7 
9 	2-4 736 5 130 6 
8 2 —2 1078 4 493 3 
8 	2-1 145 9 51 11 
8 	2 2 1224 5 480 3 
8 	2 1 211 9 100 6 
8 	2 2 959 5 373 3 
9 2 3 1S7 12 72 9 
8 	2 4 639 6 
8 	2 5 176 13 
8 	2 6 419 8 113 6 
8 2 7 143 19 
8 	2 8 232 14 
8 	2 8 99 34 
9 	3-5 60 11 
8 	3-4 51 13 
3 	3-2 198 4 
8 	3-1 78 8 
830 90 7 
6 	3 2 173 5 
8 3 3 124 6 
834 78 8 
835 22 2 
8 	4-8 171 17 
3 4-6 330 S 
X—ray 	Neutron  
h Ic 1 Fobs Sig Fobs Sig 
9 4-4 446 7 
84-3 2? 23 
34-2 534 6 104 6 
8 0 624 7 120 6 
8 4 1 44 15 
8 4 2 516 8 121 7 
8 4 3 59 10 
8 4 4 441 8 
8 4 5 91 34 
8 4 6 312 12 
8 4 7 100 30 
8 6 —4 207 15 
8 5 —2 255 12 
8 5 2 291 12 
8 5 2 257 14 
8 5 4 197 19 
9 1 —7 216 10 
9 1 —6 269 8 
91-5 387 6 31 27 
91-4344 5 
9 1 —3 674 5 139 6 
91-2467 5 
91-1 847 5 154 5 
9 1 0 532 5 212 4 
9 1 1 999 5 158 5 
9 1 2 292 7 57 11 
9 1 3 871 5 237 6 
9 1 4 178 12 59 11 
9 1 5 590 7 39 25 
9 1 7 393 9 
9 1 9 219 16 
92-4 77 9 
92-2 115 6 
92-1 97 7 
9 2 0 144 5 
9 2 1 59 10 
922 87 8 
9 2 3 105 6 
924 77 9 
9 2 5 32 20 
9 3-3 91 27 
9 3 —6 182 12 
9 3-5 248 9 4:9 13 
93-4323 7 171 4 
9 3-3 468 6 137 5 
93-2 331 7 33 31 
9 3 —1 594 6 154 5 
9 3 0 241 9 30 8 
931 99 7 
9 3 2 209 10 
9 3 3 552 7 52 12 
9 3 5 451 8 
9 3 7 290 12 
94-2 40 15 
9 4-1 127 6 
9 4 2 52 11 
9 4 3 39 22 
9 5-6 96 29 
9 5 —4 106 25 
9 5 —3 205 13 
9 5 —2 156 15 
9 5 —1 250 10 
9 5 0 149 17 
9 5 1 342 10 
9 5 2 141 20 
9 5 3 328 12 
9 5 5 232 16 
10 0 —9 126 22 
10 3 —8 70 30 
10 0 —7 207 10 
10 3 —6 74 20 102 8 
10 3 —5 35 22 
10 3 —4 129 12 115 7 
10 3 —3 595 5 77 10 
12 0 —2 102 12 92 9 
10 0 —1 909 5 134 7 
10 0 0 183 22 95 8 
10 0 1 751 6 33 8 
10 3 2 218 9 
10 2 3 492 6 171 6 
10 2 4 302 6 153 6 
10 0 5 32 25 
10 0 6 275 10 90 13 
10 0 7 195 15 
10 3 8 197 17 
10 3 9 98 39 
	
X—ray 	Neutron 
h Ic 1 Fobs Sig Fobs Sig 
10 1 —4 	 51 13 
10 1-3 91 	9 
10 1 —2 	 165 5 
10 1 0 99 	8 
10 1 1 	 19 4 
10 1 2 185 	5 
10 1 3 	 193 5 
10 1 4 55 15 
10 1 5 	 49 17 
10 2—S 97 30 
10 2 —3 	81 29 
12 2 —7 210 11 
10 2 —6 	85 21 
10 2 —5 392 	6 	113 	6 
10 2-4 	 44 16 
10 2-3 498 	6 	53 12 
102-2 	 94 	7 
10 2 —1 544 	6 	132 5 
10 2 0 205 10 165 	4 
10 2 1 573 	6 	92 7 
10 2 2 251 9 85 	8 
10 2 3 492 	7 	55 12 
10 2 4 239 10 102 	7 
10 2 5 338 	9 	92 8 
10 2 6 178 15 
10 2 7 173 17 
10 2 8 117 27 
10 3 —4 	 142 	5 
10 3-3 55 13 
10 3-2 	 45 15 
10 3-1 117 	6 
10 3 0 	 52 12 
10 3 1 178 	4 
10 3 2 	 78 e 
10 3 3 67 	9 
10 3 4 	 52 13 
10 4 —7 130 20 
10 4-5 187 13 
10 4-3 312 	8 
10 4-2 	 77 	8 
10 4-1 333 	8 	45 15 
10 4 0 	 74 	9 
10 4 1 376 	9 	44 23 
10 4 2 	 13 	6 
10 4 3 297 11 
10 4 4 162 17 
10 4 5 146 20 
10 4 6 143 22 
10 5 —3 122 26 
10 6 —1 139 22 
10 6 3 135 26 
11 1 —9 155 17 
11 1 —7 269 	9 
11 1 —6 179 11 
11 1 —5 421 	6 	75 10 
11 1 —4 376 6 115 	7 
11 1 —3 555 	5 	252 4 
11 1 —2 452 6 95 	9 
11 1 —1 498 	6 	75 11 
11 1 0 636 6 139 	6 
11 1 1 505 	7 	187 5 
11 1 2 515 5 101 	3 
11 1 3 317 	9 	152 6 
11 1 4 439 7 72 11 
11 1 5 157 14 
11 1 6 281 11 
11 1 8 152 21 
11 2 —5 	 40 17 
11 2 —4 33 19 
11 2-2 	 74 	9 
11 2-1 65 10 
11 2 1 	 199 	4 
11 2 3 84 8 
11 2 5 	 41 15 
11 3 —7 203 13 
11 3 —6 136 16 
11 3 —5 280 	9 
11 3 —4 	 31 19 
11 3-3 350 	7 	42 19 
11 3-2 324 7 81 	8 
11 3 —1 409 	7 	179 4 
11 3 0 458 7 162 	5 
11 3 1 379 	9 	192 4 
11 3 2 	 52 13 
11 3 3 59 11 
11 3 4 284 10 
X—ray Neutron X—ray Neutron X—ray 
h k 1 Fobs Sig Fobs Sig h k 1 Fobs Sig Febs Sig h k 1 Fobs Sig 
11 3 5 123 24 13 2 3 34 18 16 0 —1 136 iG 
11 3 5 196 16 1' 2 4 56 12 16 0 0 545 8 
11 3 8 121 29 13 3 —5 196 12 16 0 1 207 16 
11 4 —1 65 9 13 3 —4 154 15 16 0 2 451 9 
11 4 0 6? 9 13 3-3 306 9 16 0 3 171 16 
11 4 1 34 18 13 3 —2 152 17 16 0 4 293 12 
11 5 —5 182 17 13 3 —1 407 8 47 13 16 0 5 105 28 
11 5 —4 98 25 13 3 0 133 19 16 0 6 192 15 
11 5 —3 204 14 13 3 1 493 8 125 6 16 0 7 96 37 
11 5 —2 164 16 13 3 2 137 19 16 2 —5 214 12 
11 5 —1 220 13 13 3 3 430 9 15 2 —4 291 10 
11 5 0 193 15 13 3 5 292 12 15 2 —3 90 27 
ii 5 1 171 18 13 3 7 190 19 1F 2 —2 377 9 
11 5 2 202 16 13 5 —4 95 33 16 2 0 445 9 
11 5 3 125 25 13 5-3 169 18 16 2 1 149 20 
11 5 4 162 23 13 5-1 227 15 15 2 2 425 10 
12 2-5 207 12 13 5 0 53 48 16 2 3 154 20 
12 0 —6 404 7 13 5 1 245 14 15 2 4 303 12 
12 0 —5 121 7 13 5 3 191 19 16 2 5 120 26 
12 0 —4 54 6 147 6 14 0 —7 134 18 16 2 6 183 19 
12 0 —3 154 14 163 6 14 0 —5 258 9 16 4 —4 191 16 
12 e —2 822 5 235 4 14 2 —4 95 9 16 4 —2 257 13 
12 0 —1 143 13 52 14 14 7 —3 351 7 99 9 16 4 0 294 13 
12 0 0 914 5 256 4 14 0 —2 23 1 16 4 2 274 14 
12 0 1 315 3 129 6 14 0 —1 369 8 157 6 17 1 —7 77 33 
12 0 2 323 5 263 4 14 7 0 224 13 17 1 —5 177 14 
12 2 3 243 10 32 29 14 0 1 410 8 17 1 —3 259 11 
12 0 4 522 7 111 11 14 0 2 135 18 11 3 17 1 —2 84 30 
12 0 5 153 7 14 2 3 325 9 91 9 17 1 —1 414 9 
12 0 6 340 11 14 2 4 229 12 192 5 17 1 1 404 10 
12 0 8 180 19 14 0 5 256 12 17 1 3 366 11 
12 1 —4 13 6 14 0 6 209 15 17 1 5 260 14 
12 1 —3 161 6 14 1 —2 75 11 17 3 —3 199 15 
12 1 —1 68 13 14 1 0 113 7 17 3 —1 292 13 
12 1 1 244 4 14 1 2 103 8 17 3 0 61 53 
12 1 3 100 8 14 2 —5 208 11 17 3 1 331 12 
12 1 4 47 16 14 2 —3 262 9 55 10 17 3 3 279 14 
12 2 —9 189 13 14 2 —2 92 8 17 3 5 167 23 
12 2 —6 313 9 14 2 —1 434 8 104 7 19 0 —5 118 20 
12 2 —5 42 43 14 2 0 205 13 134 5 18 0 —3 189 15 
12 2 —4 491 6 150 5 14 2 1 419 9 115 6 18 0 —1 198 15 
12 2-3 32 20 14 2 2 222 11 93 8 18 0 1 265 15 
12 2 —2 632 6 200 4 14 2 3 240 11 47 13 15 0 2 187 18 
12 2-1 152 5 14 2 4 175 29 18 0 3 182 20 
12 2 0 703 5 196 4 14 2 5 169 17 19 0 4 141 24 
12 2 1 90 7 14 2 6 126 25 19 2 —5 62 47 
12 2 2 619 7 129 6 14 3 —1 45 13 19 2 —3 167 17 
12 2 3 132 38 14 3 1 55 11 18 2 —1 221 15 
12 2 4 449 8 141 5 14 4 —5 138 19 19 2 1 203 18 
12 2 5 200 14 14 4 —3 161 16 18 2 2 131 27 
12 2 5 304 11 14 4 —1 233 14 19 2 4 90 53 
12 2 7 104 36 14 4 1 213 15 18 4 —1 107 33 
12 2 8 167 20 14 4 2 129 24 19 1 —3 133 22 
12 3 —3 106 6 14 4 4 127 26 19 1 —2 141 32 
12 3 2 44 15 14 4 5 120 29 19 1 —1 186 18 
12 3 3 136 5 15 1 —7 173 14 19 1 0 230 17 
12 4 —6 208 13 15 1 —6 75 41 19 1 2 229 17 
12 4 —4 337 9 15 1 —5 209 11 19 3 —4 101 29 
12 4 —2 379 9 15 1 —4 217 10 19 3 —3 113 27 
12 4 —1 108 22 15 1 —3 266 9 19 3 —2 136 25 
1240458 9 151-2 323 9 193016123 
12 4 1 132 20 15 1 —1 333 9 160 6 19 3 1 85 45 
12 4 2 397 10 15 1 1 144 6 19 3 2 152 26 
12 4 4 312 12 15 1 2 395 9 19 3 3 es 46 
12 4 6 191 19 15 1 3 115 24 22 0 —4 189 16 
12 6 0 221 19 15 1 4 252 12 20 0 —2 251 14 
12 6 2 179 21 15 1 5 33 35 20 0 —1 92 37 
13 1 —6 76 30 15 1 6 165 19 20 0 0 302 15 
13 1 —6 144 14 15 2 —2 75 9 20 0 2 250 18 
33 1— 27Q 8 15 2 0 47 16 20 0 4 190 22 
13 1 —4 215 9 15 3 —5 137 22 ez 4 - 160 19 
13 1 —3 410 5 42 25 15 3 —4 155 16 20 2 —2 232 16 
13 1 —2 199 17 51 15 15 3 —3 220 12 20 2 0 275 15 
13 1 —1 644 6 206 5 15 3 —2 228 12 20 2 2 232 19 
13 1 0 272 9 15 3 —1 227 13 20 2 3 103 39 
13 1 1 683 7 109 7 15 3 0 283 12 20 2 4 131 34 
13 1 2 90 9 15 3 1 199 15 21 1 —3 161 21 
13 1 3 537 7 85 9 15 3 2 224 14 21 1 —1 219 19 
13 1 4 136 16 15 3 4 178 19 21 1 1 270 17 
13 1 5 417 9 15 3 —2 104 29 22 0 —1 124 31 
13 1 7 283 13 15 5 0 151 23 22 2 0 77 57 
13 2 —3 65 10 15 5 2 ieo 21 
13 2 —1 62 11 16 2' —6 214 11 
13 2 e 68 10 16 7 —4 328 9 
13 2 1 114 6 16 2 —3 75 27 





X—ray Neutron X—ray Neutron X—ray 
k 1 Fobs Sig Fobs Sig h k 	1 Fobs Sig Fobs Sig h k 	1 Fobs Sig 
0 2 240 10 1 0 —7 1314 13 154 4 1 3 17 631 13 
0 4 2974 17 400 2 1 0 —5 2329 21 195 1 1 4-15 546 10 
O 6 799 7 177 3 1 0 —3 1559 16 29 19 1 4-13 529 12 
0 8 1872 19 205 3 1 0 —1 1610 15 257 2 1 4-11 1052 11 
0 10 990 9 206 4 1 0 	1 41 13 1 4 —9 1169 11 
0 12 1752 17 266 4 1 0 3 2098 19 273 2 1 4 —7 995 9 
0 14 837 9 155 6 1 0 	5 1669 16 452 2 1 4 —5 1398 14 
0 16 1195 13 263 4 1 0 	7 2183 20 279 3 1 4 —3 597 B 
1 2 1586 14 230 2 1 0 9 1235 10 49 14 1 4 —1 1475 16 
1 4 27 22 1 0 11 1161 11 74 10 1 4 	1 
1 6 2321 22 164 4 1 0 13 539 10 191 5 1 4 	3 1699 17 
1 8 993 10 65 9 1 0 15 625 10 115 P 1 4 5 575 9 
1 10 1580 16 92 8 1 0 17 703 11 51 15 1 4 	7 1350 13 
1 12 1156 11 76 11 1 0 19 446 16 1 4 9 770 9 
1 14 661 9 121 8 1 0 21 679 14 1 4 11 843 9 
1 16 929 10 36 27 1 1-21 509 16 1 4 13 537 12 
1 20 704 13 1 1-19 599 14 1 4 15 559 13 
2 0 3094 19 346 2 1 1-17 566 11 1 4 17 504 15 
2 2 1352 14 179 4 1 1-15 1206 12 362 4 1 4 21 466 42 
2 4 3104 22 201 3 1 1-13 797 8 203 5 1 5-15 808 12 
2 6 1466 15 359 2 1 1-11 1603 15 41 19 1 5-13 631 11 
2 8 2467 23 412 3 1 1 —9 1217 12 1 5-11 1030 10 
2 10 514 9 195 5 1 1 —7 2191 21 118 5 1 5 —9 785 9 
2 12 1688 16 231 5 1 1 —5 1434 14 217 3 1 5 —7 1401 14 
2 14 511 12 35 34 1 1 —3 3278 19 307 2 1 5 —5 590 10 
2 16 895 10 1 1 —1 968 9 139 4 1 5 —3 2122 22 
2 18 547 14 1I'1 3550 17 42e 2 1 5 	1 2302 23 
3 2 1910 20 1 1 	3 956 9 194 3 1 5 3 397 38 
3 4 443 8 310 2 1 1 5 2801 22 262 3 1 5 	5 1795 19 
3 6 1560 15 96 8 1 1 	7 398 8 196 3 1 5 7 
3 9 871 9 93 9 1 1 9 2420 24 273 4 1 5 	9 1439 14 
3 10 1091 11 114 8 1 1 	11 477 10 101 8 1 5 11 
3 12 1209 13 293 4 1 1 	13 1751 1' 291 4 1 5 13 1109 10 
3 14 704 10 25 10 1 1 15 587 11 143 7 1 5 17 609 14 
3 16 765 10 1 1 	17 939 10 1 6-15 645 14 
4 0 2890 23 351 3 1 2-19 637 14 1 6-11 655 12 
4 2 367 25 122 6 1 2-17 166 6 1 6 —9 735 10 
4 4 2488 24 336 3 1 2-15 1177 13 295 4 1 6 —7 539 12 
4 5 612 8 1 2-13 652 9 13 19 1 6 —5 965 10 
4 3 1746 1? 1 2-11 1565 15 479 3 1 6 —3 446 13 
4 10 512 10 1 2 —9 1236 12 19 11 1 6 —1 987 10 
4 12 1311 13 191 6 1 2 —7 933 10 190 4 1 6 	1 
4 14 556 12 1 2 —5 1769 18 156 4 1 6 3 1081 11 
4 16 821 11 1 2 —3 239 3 1 6 	5 
5 2 1012 11 206 5 1 2 —1 2537 21 36 21 1 6 7 951 10 
5 4 483 11 126 11 1 2 	1 489 7 90 7 1 6 11 569 12 
5 6 1409 14 166 7 1 2 	3 2552 22 217 3 1 7-11 766 12 
5 8 659 9 139 8 1 2 5 137 3 1 7 —7 1085 12 
5 10 1014 9 150 7 1 2 	7 1360 14 292 3 1 7 —5 570 12 
5 12 629 11 1 2 9 1031 11 240 4 1 7 —3 1275 13 
5 14 84 10 1 2 11 789 9 213 5 1 7 —1 
5 16 574 14 1 2 13 969 9 129 7 1 7 	1 1249 13 
6 0 1977 20 355 4 1 2 15 790 10 93 10 1 7 	3 
6 4 1680 16 115 10 1 2 17 636 12 1 7 5 1197 12 
6 6 362 16 59 21 1 219 474 38 1 7 	7 
6 8 1225 12 113 11 1 2 21 532 16 1 7 9 1034 11 
6 12 999 11 1 3-19 520 16 1 7 13 723 13 
6 16 598 15 1 3-17 647 12 1 9 —5 
7 2 889 9 91 12 1 3-15 908 10 177 6 1 8 —1 666 13 
7 5 714 11 1 3-13 581 11 310 4 1 8 	3 707 12 
7 12 535 15 1 3-11 1446 14 31 11 1 9 —7 533 16 
9 0 1049 11 1 3 —9 845 e 129 7 1 9 —3 799 13 
3 4 1014 11 1 3 —7 2330 23 205 5 1 9 	1 731 13 
8 3 452 17 1 3 —5 1549 16 391 3 1 9 5 684 14 
9 12 563 17 1 3 —3 2595 25 234 3 2 0-20 593 14 
9 2 459 17 1 3 —1 1037 11 275 4 2 0-18 539 13 
10 0 638 16 1 3 	1 2489 23 119 S 2 0-16 920 10 
0-19 798 11 1 3 	3 155 4 2 0-14 1037 10 
0-17 319 4 1 3 5 2630 22 296 3 2 0-12 1466 15 
0-15 1185 12 290 4 1 3 	7 20 9 2 0-10 1593 15 
0-13 611 9 200 5 1 3 	9 2395 23 455 3 2 0 —9 1641 16 
0-11 1306 13 125 7 1 3 11 159 6 2 0 —6 2321 22 
























































X—ray Neutron X—ray Neutron X—ray Neutron 
h 	k 	1 Fobs Sig Fobs Sig h k 	1 Fobs Sig Fobs Sig h k 	1 Fobs Sig Fobs Sig 
2 	0 —2 3194 22 339 3 2 4 -8 1130 11 102 8 3 1 —9 1413 15 297 4 
2 	0 	0 638 7 396 2 2 4 —6 1922 19 440 4 3 1 —7 1700 17 155 5 
2 0 	2 2900 22 245 3 2 4 —4 925 9 128 9 3 1 —5 2081 20 249 4 
2 	0 	4 1751 17 512 2 2 4 —2 2205 22 244 5 3 1 —3 1391 14 
2 	0 	6 2237 22 135 5 2 4 	0 705 8 207 4 3 1 —1 2403 23 205 4 
2 0 8 731 7 375 3 2 4 	2 1983 20 50 15 3 1 	1 1410 14 256 3 
2 	0 10 1821 19 169 5 2 4 	4 756 9 267 4 3 1 	3 2431 23 390 3 
2 	0 12 119 8 2 4 	6 1976 19 3 1 	5 1027 10 231 4 
2 	0 14 1373 13 272 4 2 4 	8 249 5 3 1 	7 1935 19 292 4 
2 	0 	18 802 11 2 4 10 1496 14 238 5 3 1 	9 141 7 
2 	0 22 375 23 2 4 14 918 10 139 7 3 1 	11 1219 12 
2 1-22 455 20 2 4 18 560 15 3 1 	15 923 10 47 19 
2 	1-18 826 11 2 5-10 556 17 3 1 	17 123 14 
2 	1-16 68 14 2 5-14 696 13 3 1 	19 566 16 
2 1-14 1117 11 111 8 2 5-10 677 10 155 9 3 2-17 771 12 
2 	1-12 529 10 11 21 2 5 —8 722 10 3 2-15 132 7 
2 	1-10 1136 11 154 6 2 5 —6 907 9 199 9 3 2-13 935 9 
2 1 —8 938 9 183 4 2 5 —4 905 9 3 2-11 159 5 
2 	1 —6 1535 15 135 5 2 5 —2 539 9 351 4 3 2 —9 1046 11 50 15 
2 	1 —4 1498 15 230 3 2 5 	o 1382 11 46 23 3 2 —7 322 34 274 4 
2 1 —2 1863 19 450 2 2 5 	4 1237 12 127 6 3 2 —5 1025 10 77 13 
2 	1 	0 2352 22 174 4 2 5 	6 481 12 364 4 3 2 —3 1140 11 
2 	1 	2 43 14 2 5 	8 1295 11 179 6 3 2 —1 761 9 210 4 
2 1 4 2327 20 326 3 2 5 10 62 18 3 2 	1 1723 19 301 3 
2 	1 	6 861 8 406 3 2 5 12 737 10 3 2 	3 554 9 49 15 
2 	1 	8 1597 16 69 11 2 6-14 549 15 3 2 	5 1299 13 207 4 
2 1 10 608 9 190 5 2 6-12 673 13 3 2 	7 171 5 
2 	1 	12 1070 10 104 9 2 6-10 985 10 3 2 	9 1029 9 151 7 
2 	1 	14 591 11 2 6 —8 837 10 212 9 3 2 13 993 10 215 5 
2 1 16 694 11 2 6 —6 1221 12 3 2 15 599 12 229 6 
2 	1 18 654 13 2 6 —4 600 11 122 13 3 2 17 637 13 
2 	2-20 547 36 2 6 —2 1461 14 238 7 3 3-15 838 11 
2 2-18 176 11 2 6 	0 449 22 3 3-13 524 13 
2 	2-16 782 10 2 6 	2 1435 14 3 3-11 1221 11 173 6 
2 	2-14 848 10 25 10 2 6 	4 461 35 144 7 3 3 —9 1314 13 349 4 
2 	2-12 1080 10 2 6 	6 1288 12 3 3 —? 1398 15 112 12 
2 	2-10 1701 17 379 4 2 6 	9 154 8 3 3 —5 1933 20 377 3 
2 	2 —8 1461 16 289 4 2 6 10 1040 10 3 3 —3 1521 15 244 4 
2 	2 —6 2746 23 502 4 2 6 14 689 13 3 3 —1 1793 19 44 19 
2 	2 —4 1465 14 2 7-10 522 15 3 3 	1 1207 13 259 4 
2 	2 —2 2461 21 257 4 2 7 —4 567 12 3 3 	3 1869 19 132 6 
220875 9 88 8 2? 097510 15413 33547929 7511 
2 	2 	2 2076 21 365 3 2 7 	4 900 10 3 3 	7 1932 19 430 3 
224627 7 71 9 27954714 339 8213 
2 	2 	6 2501 23 249 4 2 8-10 538 17 3 3 11 1234 12 129 9 
2 	2 	8 289 4 2 8 —6 929 12 3 3 13 154 7 
2 	2 10 2105 21 419 3 2 8 —4 449 39 3 3 15 627 13 
2 2 12 199 5 2 8 —2 842 12 3 4-17 637 14 
2 	2 14 1139 11 132 8 2 9 	2 781 12 3 4-13 675 12 
2 	2 16 80 12 2 8 	6 827 12 3 4 —9 806 10 55 23 
2 	2 18 53 14 2 8 10 587 15 3 4 —7 495 12 192 5 
2 	3-18 669 13 3 0-21 574 17 3 4 —5 989 9 203 9 
2 	3-14 993 10 135 7 3 0-17 881 11 165 10 3 4 —3 813 9 50 19 
2 	3-12 534 11 68 14 3 0-13 876 9 203 5 3 4 —1 665 9 49 20 
2 	3-10 1131 12 44 7 3 0-11 399 13 3 4 	1 1093 10 
2 	3 —8 557 10 331 It 3 0 —9 990 9 123 7 3 4 	3 236 5 
2 	3 —6 1075 10 3 0 —7 779 P 111 7 3 4 	5 1037 10 92 11 
2 	3 —4 1085 11 284 4 3 0 —5 1495 15 228 4 3 4 	7 - 48 21 
2 	3 —2 913 9 146 6 3 0 —3 1140 11 39 9 3 4 	9 1004 10 
2 	3 	0 2306 22 382 3 3 0 —1 1331 13 264 2 3 4 13 821 11 
2 3 	2 537 8 184 4 3 0 	1 1109 11 308 3 3 4 17 444 37 
2 	3 	4 2018 20 354 3 3 0 	3 396 3 3 5-15 509 15 
2 	3 	6 112 7 3 0 	5 1361 14 126 6 3 5-13 495 36 
2 	3 	8 12 lo 220 5 3 9 	7 S 0 1? 3 5-11 1009 10 
2 	3 10 642 9 301 4 3 0 	5 1531 16 239 4 3 5 —9 946 10 114 13 
2 	3 12 877 9 94 11 3 0 11 237 5 3 5 —7 1009 11 
2 	3 14 589 35 176 6 3 0 13 1103 12 299 4 3 5 —5 1182 11 97 15 
2 	3 16 728 12 3 0 15 481 14 95 11 3 5 —3 787 9 108 12 
2 	3 18 512 15 3 3 19 542 16 3 5 —1 1541 15 194 7 
2 	4-16 659 13 3 1-17 115 16 3 5 	1 877 9 179 S 
2 	4-14 724 11 77 13 3 1-15 925 10 104 9 3 5 	3 1586 16 321 4 
2 	4-12 984 10 236 6 3 1-13 704 10 67 14 3 5 	5 735 10 300 4 
2 	4-10 1199 11 72 10 3 1-11 1552 15 342 4 3 5 	7 1137 11 132 10 
X—ray Neutron X—ray Neutron X—ray Neutron 
h k 	1 Fobs Sig Fobs Sig h Ic 	1 Fobs Sig Fobs Sig h Ic 1 Fobs Sig Fobs SiC.  
3 5 	9 74 15 4 3 	6 785 9 135 8 5 3-13 746 13 
3 5 	11 744 12 4 3 	8 145 7 5 3 —9 329 11 
3 6-13 533 16 4 3 10 731 11 5 3 —7 540 13 174 	7 
3 6 —5 612 12 111 17 4 3 14 638 13 5 3 —5 1097 11 94 	14 
3 6 —3 652 11 79 25 4 4-14 767 13 5 3 —3 701 11 76 	15 
3 5 —1 500 13 4 4-10 943 10 5 3 —1 1245 12 230 7 
3 6 	1 705 10 4 4 —8 686 11 72 16 5 3 1 772 10 75 	17 
3 S 	5 702 11 113 14 4 4 —6 1726 ie 191 9 5 3 3 881 10 53 	18 
3 5 	9 712 12 4 4-4 908 17 5 3 5 726 11 54 	19 
3 7-11 550 16 4 4 —2 1253 12 239 5 5 3 7 625 12 
3 7 —9 657 14 4 4 	0 1226 12 231 4 5 3 9 706 12 
3 7 —7 675 13 4 4 	2 1161 11 292 4 5 3 11 585 14 
3 7 —5 817 12 4 4 	4 1322 14 253 5 5 3 13 575 15 
3 7 —3 663 13 4 4 	6 678 10 45 26 5 4-11 575 15 
3 7  —1 817 11 4 4 	8 1007 11 79 14 5 4 —7 703 12 
3 7 	1 530 14 4 4 12 664 13 5 4 —3 527 33 131 	9 
3 7 	3 886 11 4 416 494 18 5 4-1 416 33 
3 7 	7 869 12 4 5-12 522 16 5 4 3 560 13 116 	9 
3 7 	11 583 36 4 5 —8 677 12 5 4 7 693 12 
3 B 	1 544 16 4 5-6 466 31 291 7 5 4 11 544 15 
3 9 —1 538 17 4 5 —4 696 11 5 5-13 579 17 
4 0-18 570 16 4 5 —2 610 11 5 5 —9 693 14 
4 0-12 674 11 116 9 4 5 	2 507 13 221 7 5 5 —5 796 12 
4 0-10 1295 14 115 9 4 5 	4 126 12 5 5 —3 494 15 
4 0 —8 905 9 4 5 	6 656 11 5 5 —1 779 12 
4 0 —6 1390 14 189 5 4 5 10 742 12 5 5 1 734 12 
4 0 —4 1729 10 206 4 4 6-14 500 38 5 5 3 726 12 
4 0 —2 1600 16 221 4 4 6-10 694 14 5 5 5 611 14 
4 0 	0 1800 18 455 3 4 6 —2 496 39 5 5 7 554 34 
4 0 	2 1646 17 441 3 4 6 —6 774 12 5 6 —3 390 39 
4 0 	4 1954 20 476 3 4 6 —4 587 14 25 12 5 7 —5 565 39 
4 0 	6 1086 11 166 6 4 6 —2 900 11 5 7 —1 566 38 
4 0 	8 1224 13 55 17 4 6 	0 778 29 6 0-12 718 14 
4 0 12 817 10 102 10 4 6 	2 732 12 6 0 —8 1049 11 
4 0 14 87 8 4 6 	4 927 11 6 0 —4 1104 11 
4 0 16 709 13 4 6 	6 496 15 6 0 —2 619 13 
4 1-16 659 14 132 13 4 6 12 48.9 18 6 0 0 832 11 
4 1-12 877 10 79 13 4 8 	8 459 20 6 0 2 661 12 
4 1 —8 1108 11 95 9 5 2-11 734 12 6 0 4 802 11 
4 1 	- 759 8 209 5 5 0 —9 155 7 6 0 8 759 12 
4 1 —4 939 10 98 9 5 0 —7 eci 9 102 10 6 1 —9 239 	11 
4 1 —2 1085 11 104 7 5 0 —5 519 13 207 5 6 1 —2 544 14 
4 1 	0 442 11 263 4 5 0 —3 971 9 203 5 S 1 4 545 14 
4 1 	2 814 8 288 4 5 7 —1 566 11 6 1 8 622 14 
4 1 	4 102 8 5 0 	1 599 10 6 2-12 658 15 
4 1 	S 909 10 89 11 5 0 	3 637 10 5 2 —8 922 11 
4 1 	9 62 17 5 0 	5 221 5 6 2-4 1093 11 145 	13 
4 1 10 1034 10 214 5 5 0 	7 970 10 238 5 6 2 —2 585 13 
4 112 89 11 5 0 	9 257 5 6 2 0 894 11 
4 1 14 688 12 60 21 5 0 11 771 11 6 2 4 640 13 
4 2-14 893 11 5 1-17 640 16 6 2 8 586 14 
4 2-12 519 30 127 8 5 1-13 950 12 6 3 4 509 35 
4 2-10 1086 10 5 1 —9 984 11 6 3 8 455 39 
4 2 —8 970 9 76 12 5 1 —7 533 12 50 19 6 4 —8 740 14 
4 2 —6 1396 14 148 15 5 1 —5 1226 13 6 4 —4 917 12 
4 2 —4 1116 11 77 11 5 1 —3 726 10 6 4 0 701 13 
4 2 —2 1772 17 532 3 5 1 —1 1290 13 105 2 6 4 4 593 15 
4 2 	0 1350 14 42 20 5 1 	1 1019 10 92 9 6 4 8 527 17 
4 2 	2 1409 14 219 5 5 1 	3 1087 10 134 5 6 6 —4 597 17 
4 2 	4 1661 16 341 3 5 1 	5 826 9 7 1 —7 771 14 
4 2 	6 635 10 131 8 5 1 	7 988 10 257 5 7 1 —3 794 13 
4 2 	3 1415 14 221 5 5 1 	9 675 11 7 1 1 715 13 
4 2 10 466 13 5 1 	11 624 13 7 1 5 679 15 
4 2 12 921 10 5 1 	13 635 14 7 3 —7 605 42 
4 2 IC 523 16 5 2-11 770 12 7 3 —3 721 15 
4 3-12 820 11 5 2 —7 971 10 127 5 7 3 1 b4 15 
4 3 —9 1060 10 166 7 5 2 —5 292 95 53 21 
4 3 —6 464 13 5 2 —3 598 11 96 9 
4 3 —4 704 10 206 5 5 2 —1 637 11 169 6 
4 3 —2 908 9 64 17 5 2 	3 922 10 171 7 
4 3 	0 332 4 5 2 	7 798 10 104 9 
4 3 	2 959 10 5 2 11 557 14 
4 3 	4 376 32 117 8 5 3-17 576 17 
APPENDIX A(iii) 
k 1 Fobs Sig h k 1 Fobs Sig h k 	1 Fobs Sig h k 1 Fobs Sig 
1 1 39 6 1 3 2 51 6 1 12 —3 194 4 2 7 5 126 C- 
1 2 125 3 1 3 3 21 20 1 12 —2 26 23 2 7 5 57 11 
1 3 139 3 1 3 4 53 9 1 12 —1 191 4 2 9 —4 181 4 
1 4 90 5 1 3 5 35 7 1 12 	2' 41 10 2 8 —3 49 12 
1 5 113 5 1 4 —6 153 5 1 12 	1 227 3 2 3 —2 170 4 
1 6 29 22 1 4 —5 105 6 1 12 	2 212 4 2 8 —1 113 5 
2 1 67 4 1 4 —4 100 6 1 12 	3 33 19 2 3 0 81 4 
2 2 47 7 1 4 0 38 9 1 12 	4 33 3 2 3 1 258 3 
2 5 32 17 1 4 2 155 3 1 13 —3 55 11 2 8 2 91 5 
2 6 206 4 1 4 3 to 11 1 13 —2 79 7 2 B 3 31 8 
3 1 49 7 1 4 4 137 5 1 13 —1 62 9 2 8 4 123 5 
32106 4 145 79 8 1 13 	0 89 5 235 3917 
3 3 159 3 1 4 6 54 11 1 13 	1 93 7 2 3 6 58 11 
3 4 229 3 1 5 —6 155 5 1 14 —2 55 10 2 9 —6 79 9 
3 6 47 13 1 5 —5 137 5 1 14 	0 70 6 2 9 —4 109 7 
4 0 344 2 1 5 —4 330 3 1 14 	1 65 9 2 9 —3 132 5 
4 1 54 7 1 5 0 124 3 1 14 	2 30 19 2 9 —2 172 4 
4 2 216 2 1 5 1 37 5 2 0 —6 255 3 2 9 —1 206 3 
4 3 27 15 1 5 2 94 5 2 0 —4 108 5 2 9 0 55 6 
44127 5 153328 2 200244 2 291 4212 
45 4713 154271 3 202173 3 292 5010 
46349 3 155 105 6 204 91 6 293157 4 
51 78 5 156191 4 206133 5 295 7210 
5 2 241 2 1 6 —6 47 14 2 1 —6 115 6 2 10 —5 79 9 
5 3 201 3 1 6 —5 109 6 2 1 —5 85 7 2 10 —4 148 5 
5 5 134 5 1 6 —4 93 7 2 1 —4 51 9 2 10 —3 152 5 
5 6 75 9 1 6 —3 35 6 2 1 	0 259 2 2 10 —2 139 5 
6 0 127 3 1 6 0 342 2 2 1 	1 75 5 2 10 —1 57 9 
61 256 2 161 3711 212 56 7 2 10 0 48 7 
6 2 205 3 1 6 2 309 2 2 1 	3 43 9 2 10 1 82 7 
63101 5 163143 4 214 81 7 2102210 4 
6 5 80 8 1 6 4 113 6 2 1 	5 37 16 210 3 39 15 
7 1 31 13 1 6 5 115 6 2 1 	6 47 15 2 11 —4 82 9 
7 2 200 3 1 6 6 253 4 2 2 —6 98 9 2 11 —3 84 9 
7 3 250 3 1 7 —6 22 30 2 2 —5 190 4 2 11 —2 153 4 
7 4 329 3 1 7 —4 58 11 2 2 —4 161 4 2 11 —1 236 3 
75 84 8 17-3197 3 220 2216 2110143 3 
7 6 124 6 1 7 —2 30 14 2 2 	1 154 3 2 11 1 274 3 
81167 3 170 46 9 222156 3 2112153 4 
82 55 8 171 73 6 223 58 7 2 11 3 84 9 
8 4 11 5 1 7 2 159 4 2 3-6 154 5 211 4 125 5 
8 5 263 4 1 7 3 29 19 2 3 —5 109 6 2 12 —4 77 9 
8 6 83 8 1 7 5 310 3 2 3 	0 169 3 2 12 —3 42 17 
9 1 67 9 1 7 6 40 17 2 3 	1 57 7 2 12 —2 28 20 
9 2 87 5 1 6 —6 27 26 2 3 	2 140 3 2 12 —1 42 14 
9 3 244 3 1 8-5 153 5 2 3 	4 55 10 212 0 141 4 
9 4 7 16 1 8 —4 142 5 2 3 	6 151 5 2 12 1 135 5 
10 0 190 3 1 8 —3 41 18 2 4 —6 57 10 2 12 3 65 12 
10 1 111 5 1 8 —1 51 9 2 4 —4 36 7 2 13 0 105 4 
10 2 92 6 1 8 0 51 5 2 4 	0 94 4 2 13 1 116 5 
10 3 25 26 1 8 1 34 13 2 4 	1 62 7 2 13 2 119 5 
10 5 34 32 1 8 2 124 4 2 4 	2 233 3 2 14 —1 107 6 
11 1 207 3 1 8 3 91 6 2 4 	4 203 4 2 14 0 97 4 
11 2 49 11 1 8 4 72 9 2 4 	5 152 5 2 14 1 29 29 
11 3 263 3 1 9 5 197 4 2 4 	6 193 4 3 0 —6 45 15 
11 4 198 4 1 9 —6 49 14 2 5 —6 190 5 3 0 —4 235 3 
11 5 64 11 1 9 —5 190 4 2 5 —5 90 9 3 0 0 136 3 
121264 3 19-4145 5 25-4 111 6 302225 3 
12 2 156 4 1 9-3 140 5 2 5 	0 229 3 3 0 4 41 15 
123 3916 19-2248 3 251 45 9 306392 3 
12 4 66 11 1 9 —1 72' 7 2 5 	2 74 6 3 1 —6 44 17 
13 1 36 13 1 9 0 90 4 2 5 	3 66 9 3 1 —4 67 9 
132100 6 191 4610 254114 6 31-3140 4 
141162 4 193 4213 256199 4 311 2614 
142 85 7 194153 5 25-5111 6 312116 4 
04108 4 196 5410 26-4127 5 313220 3 
1 —6 130 5 1 10 —5 113 6 2 6 —3 56 9 3 1 4 63 10 
1 —5 58 10 1 10 —2 113 5 2 6 —2 173 3 3 1 5 87 9 
1 3 110 4 1 10 —1 117 5 2 6 	0 185 3 3 1 6 39 20 
1 4 209 3 1 10 0 202 2 2 6 	1 126 4 3 2 —6 78 9 
1 5 123 5 1 10 1 33 18 2 6 	2 107 5 3 2 —5 240 3 
1 6 tie ii i 10 3 ii 5 2 5 	3 255 3 3 2 —3 73 6 
2 —6 135 5 1 10 4 59 10 2 S 	4 209 4 3 2 0 101 4 
2 —5 142 5 1 12' 5 97 7 2 6 	5 99 7 3 2 1 72 5 
2 0 36 8 1 11 —4 50 13 2 6 	6 103 7 3 2 2 184 3 
2 1 248 2 1 11 —2 71 9 2 7 —6 135 5 3 2 3 100 5 
2 2 22 16 1 11 —1 57 S 2 7 —5 199 4 3 2 4 41 21 
2 3 58 7 111 0 14 11 2 7-4 169 4 3 2 5 110 6 
2 5 50 12 1 11 1 65 8 2 7 —3 227 3 3 2 6 85 9 
2 6 110 6 1 11 2 100 6 2 7 —2 99 5 3 3 —6 208 4 
3 —5 35 17 1 11 3 209 4 2 7 —1 113 4 3 3 —4 58 10 
3 —4 45 13 1 11 4 120 S 2 7 	0 227 2 3 3 —3 72 7 
3 0 34 10 1 11 5 115 6 2 7 	2 193 3 3 3 1 151 3 
3 1 33 11 1 12 —4 157 5 2 7 	3 117 5 3 3 2 216 3 
h 	k 	1 Fobs Sig h k 	1 Fobs St 
3 	3 	3 53 10 312 3 177 4 
3 	3 	4 113 6 3 13 —2 126 5 
3 	3 	5 62 11 3 13 —1 76 8 
336224 4 3 13 	0 49 9 
3 	4 —5 44 15 3 13 	1 255 3 
3 	4 —4 151 5 4 0 —5 124 6 
3 	4-3 54 iS 4 0-4 139 6 
3 	4-2 94 5 4 0-2 34 14 
3 	4 	0 72 6 4 0 	0 299 2 
3 	4 	1 90 5 4 0 	2 19 24 
3 	4 	2 39e 2 4 0 	4 127 5 
3 	4 	3 153 4 4 0 	6 175 5 
344357 3 4 1-5 53 15 
3 	4 	5 86 9 4 1-5 259 4 
3 	4 	6 68 10 4 1-3 153 4 
35-6 35 19 41-2 79 6 
3 	5-4 84 7 4 1-1 131 4 
3 	5-1 214 3 4 1 	0 58 5 
3 	5 	1 79 6 4 1 	1 229 3 
3 	5 	2 116 4 4 1 	2 23 3 
3 	5 	3 44 13 4 1 	4 34 9 
3 	5 	4 153 5 4 1 	5 79 9 
3 	5 	5 76 9 4 2-6 94 8 
3 	5 	6 52 14 4 2 —5 121 6 
3 	6 —6 44 15 4 2 —3 208 3 
3 	6 —5 57 12 4 2 —2 297 3 
3 	6 —4 173 4 4 2 —1 43 10 
3 	6-3 40 13 4 2 	0 131 2 
3 	6-2 79 6 4 2 	1 14 1 
3 	6 	1 95 5 4 2 	2 23 22 
3 	6 	2 31 21 4 2 	3 194 3 
363 86 7 424 79 8 
3 	6 	4 159 5 4 2 	5 257 4 
3 	6 	5 266 4 43-5 49 14 
3 	6 	6 28 23 4 3-4 49 13 
3 	7 —6 66 10 4 3 —3 174 4 
3 	7-5 86 9 4 3-2 103 5 
3 	7-4 50 13 4 3-1 75 7 
3 	7-3 69 9 4 3 	0 141 4 
3 	7-2 150 4 4 3 	1 130 4 
3 	7 	0 119 3 4 3 	2 76 6 
3 	7 	1 163 4 4 3 	3 198 4 
3 	7 	2 69 9 4 3 	4 46 14 
373 69 9 435 74 9 
3 	7 	4 83 8 4 4-6 41 16 
3 	7 	5 120 6 4 4-4 74 9 
3 	8-6 58 11 4 4-2 76 7 
3 	8 —4 109 7 4 4 —1 206 3 
3 	8-2 72 8 4 4 	0 138 3 
3 	6-1 37 14 4 4 	1 27 19 
3 	8 	0 144 3 4 4 	3 70 9 
3 	3 	1 109 5 4 4 	4 139 5 
3 	8 	3 207 4 4 4 	5 55 U 
38 	4 44 15 45-5 97 7 
3 	8 	5 159 5 4 5-4 175 4 
3 	9 —5 173 5 4 5 —3 133 5 
3 	9 —4 51 13 4 5 —2 34 14 
3 	9 —3 100 6 4 5 —1 140 4 
3 	9-2 93 5 45 0 357 5 
3 	9-1 246 3 4 5 	2 332 3 
3 	9 	1 39 13 4 5 	3 48 14 
3 	9 	2 103 6 4 5 	4 69 10 
3 	9 	3 234 4 4 5 	5 138 5 
3 	9 	5 68 10 46-4 43 17 
3 10 —5 30 26 4 6 —2 48 11 
3 10 —4 94 7 4 6 —1 28 17 
3 10 —3 133 5 4 6 	0 138 4 
3 10 —2 40 14 4 6 	2 51 10 
3 10 —1 179 4 463 94 7 
3 10 	0 119 4 4 6 	4 5 26 
310 	1 93 6 47-5 50 14 
3 10 	2 94 R 4 " —3 13 5 
3 10 	4 2927 470 54 5 
3 11 —4 05 8 4 7 	1 151 4 
3 11 —2 181 4 4 7 	2 56 12 
3 11 —1 341 3 4 7 	3 339 3 
3 11 	0 62 5 475 104 7 
3 11 	1 113 5 4 8 —5 42 16 
311 	3 93 7 48-4 78 9 
3 11 	4 39 18 4 9 —3 299 3 
3 12 —3 43 14 4 8 —2 223 3 
3 12 —1 59 10 4 8 —1 94 6 
3 12 	0 35 15 490 41 13 
3 12 	1 106 6 492 5810 
312 	2 69 9 4 8 	3 10 6 
h 	k 	1 Fobs Sir h k 	1 Fobs S1 
4 	8 	4 63 11 5 7 	3 96 7 
4 	9-3 33 19 5 7 	4 170 5 
4 	9 —1 167 4 5 S —1 299 3 
4 	9 	0 159 3 5 8 	0 117 4 
4 	9 	1 153 4 5 B 	1 254 3 
4 	9 	2 135 5 5 3 	2 68 9 
4 	3 	3 144 5 5 3 	3 90 B 
4 	9 	4 31 25 5 9-3 57 1 
4 10 —4 47 16 5 9 —1 40 18 
4 10 —3 209 4 5 3 	0 28 24 
4 10 —2 31 20 5 9 	1 71 5 
4 10 —1 119 5 5 9 	3 97 7 
410 	0 53 9 5 10 —1 14 2 
4 10 	2 144 5 5 10 	0 50 7 
4103 6310 5 10 	1 91 7 
4 11 —3 38 19 6 0 —2 231 3 
4 11 —2 39 14 6 0 	0 40 13 
4 11 —1 148 5 6 0 	2 121 5 
4 	11 	0 101 4 6 0 	4 108 7 
4 11 	2 102 6 6 1 —3 138 5 
4 12 —1 135 6 6 1 —2 46 12 
4120 62 6 61 0 18 2 
412 	1 29 20 6 1 	1 197 4 
5 	0-6 52 11 6 1 	2 84 7 
5 	0-4 50 13 6 1 	4 34 22 
5 	0 —2 140 4 6 2 —4 60 12 
5 	0 	0 53 7 6 2-3 276 3 
5 	0 	2 44 12 6 2-2 71 9 
5 	0 	4 318 3 6 2-1 224 3 
5 	1-4 276 3 6 2 	0 55 7 
5 	1-3 53 11 6 2 	1 172 4 
51-1 168 4 522 92 6 
510 6 9 623 62 9 
5 	1 	1 60 8 6 2 	4 127 6 
1 	2 55 10 6 3-4 14 6 
5 	1 	3 114 5 6 3-3 54 11 
5 	1 	4 114 6 6 3-2 59 10 
5 	1 	5 66 11 6 3-1 95 6 
5 	2-5 60 12 6 3 	0 207 3 
5 	2-3 84 7 6 3 	1 71 5 
5 	2-2 206 3 6 3 	2 102 6 
2 	0 109 4 6 3 	3 61 10 
5 	2 	1 119 5 6 3 	4 176 5 
2 	2 124 5 6 4-4 77 3 
2 	4 126 6 6 4-3 85 8 
2 	5 30 23 6 4-2 92 7 
3 —5 134 6 6 4 —1 28 27 
3-4 89 8 6 4 	0 217 4 
3-2 25 21 6 4 	1 74 9 
3-1 136 4 6 4 	2 33 23 
3 	0 14 2 6 4 	3 65 10 
3 	1 247 3 6 5-4 135 6 
3 	2 279 3 6 5-3 163 5 
3 	3 239 4 6 5-2 34 17 
3 	4 118 6 6 5 	0 79 5 
3 	5 11 7 6 5 	1 54 10 
4-5 78 9 6 5 	2 56 10 
4-4 7 10 6 5 	3 79 8 
4-3 187 4 65-2 5411 
4-2 253 3 6 5-1 159 4 
4-1 191 4 6 6 	0 125 4 
4 	0 88 4 6 5 	3 33 19 
4 	2 56 10 6 7-3 102 7 
4 	4 63 11 6 7 	0 61 7 
4 	5 55 12 6 7 	1 44 13 
5-5 62 12 6 7 	2 87 7 
5-4 114 6 6 8-2 34 18 
5-2 93 7 6 9-1 145 5 
5-1 53 10 6 3 	0 92 5 
5 	0 129 4 6 8 	1 95 6 













5-3 42 15 7 1 	2 45 13 
6-1 158 4 7 1 	1 98 5 
5 	0 70 9 7 1 	2 175 4 
5 	2 37 15 7 2-2 20 27 
6 	3 111 6 7 2-1 146 5 
6 	4 135 5 7 2 	0 94 5 
7-4 165 5 •7 2 	1 70 9 
7-3 210 4 7 2 	2 57 10 
7-2 147 5 7 3-2 225 4 
7-1 106 6 7 3 	0 26 25 
7 	0 99 4 7 4-1 255 3 
7 	2 157 
APPENDIX B 
The observed structure amplitudes of PbHPO 4 with their 
estimated standard deviations at various temperatures. 
APPENDIX B 
T173K 7=200K 7=277K T=295! 7=303K T=323K 
k 1 obs Sig Fobs 	Sig Fobs Sig Fobs Si., Fobs Sig Fobs Sig 
0 6 5992 32 5531 32 5523 32 5423 32 5359 32 
0 6 4336 41 4279 43 4254 41 4096 43 4040 43 
0 10 4111 59 3675 63 3560 52 3502 62 3424 55 
1 0 3941 11 3448 11 3493 11 3336 11 3318 11 
1 2 1892 17 1890 16 17E 19 1635 19 1640 19 
1 3 4822 21 4625 21 4525 21 4614 21 4612 20 
1 9 5121 42 4565 43 4529 39 4482 43 4374 43 
1 9 773102 
1 11 1116 130 
2 Z 4709 15 4310 15 4343 15 4132 15 4155 15 
2 2 1988 19 1849 20 1847 20 1768 19 1763 20 
2 4 6184 24 5805 24 5798 24 5775 24 5724 25 
2 5 5153 28 4870 29 4919 29 4754 26 4724 29 
2 6 4050 34 3712 35 3694 34 3660 34 3541 34 
2 9 2340 58 
2 10 2054 55 
2 11 2070 102 
3 0 1549 30 1451 27 1453 27 1443 26 1394 33 
3 1 3859 19 3552 19 3637 19 3568 19 3595 19 
3 2 6901 22 6144 22 6176 22 5910 22 5991 22 
3 3 2579 22 2526 22 2530 22 2399 23 2346 23 
3 4 3815 27 3462 27 3431 27 3320 27 3272 27 
3 5 2343 31 2257 32 2245 31 2175 32 
3 8 4315 44 4077 	45 3716 46 3552 48 3551 48 3488 45 
3 9 1963 63 
3 10 1252 155 
3 11 1037 128 
4 0 3208 21 3168 21 3179 21 3116 21 3150 21 
4 1 5451 22 4910 22 4921 22 4704 22 4669 22 
4 2 4322 23 4035 24 4024 23 3906 23 3893 23 
4 3 4037 24 3611 24 3619 24 3457 24 3406 24 
4 4 2905 25 2748 28 2744 28 2752 28 2725 29 
5 0 1820 24 1853 24 1937 25 1863 24 1838 25 
5 2 5056 27 4646 27 4637 27 4494 27 4393 27 
5 4 7043 31 6421 32 6407 33 6114 32 6065 33 
5 5 4486 34 3881 35 3893 35 3712 36 3642 35 
5 6 3858 39 3503 40 3520 39 3395 41 3322 41 
5 7 2541 51 2388 	49 2082 60 1939 51 1999 51 1954 52 
5 8 2043 57 1555 	55 1934 75 1945 69 1971 63 1759 57 
5 9 2829 65 2563 	69 2340 74 2175 59 2184 67 2106 69 
5 10 2204 30 2113 	91 1739 91 1694 91 1659 92 1650 97 
5 11 952 175 
6 3 3599 31 2988 33 3017 33 2740 33 2659 34 
6 4 4023 34 3570 35 3572 35 3423 35 3359 35 
S 6 3589 41 3375 	43 3026 46 2933 41 2947 45 2794 45 
6 8 4532 56 4224 	53 3540 56 3313 55 3376 62 3237 60 
6 9 1136 123 
6 10 1199 140 
7 0 8026 33 9074 32 
7 2 3028 35 2910 41 2907 38 2914 3€ 2909 37 
7 6 4986 44 4369 46 4261 44 4309 44 4215 45 
7 7 1963 63 1737 66 1751 53 1790 67 1875 63 
7 9 4377 57 3593 59 3311 56 3384 61 3230 63 
7 9 1165 82 
7 10 2861 72 2412 79 2253 78 2335 85 2106 96 
8 0 5907 38 5879 38 5253 39 5647 39 5537 39 
9 1 2616 40 2352 40 2390 41 2297 42 2194 42 
8 2 2594 40 2319 47 2309 42 2260 47 2135 43 
8 3 4597 41 3938 41 3963 42 3340 42 3695 42 
9 4 1640 51 
8 5 835 73 
8 6 1875 72 
8 7 953105 
8 8 4021 61 3354 76 3060 65 3215 71 3050 69 
8 10 2339 92 2179 81 2379 98 2253 89 
9 0 3835 44 3515 43 3534 46 3457 46 3356 44 
5 4 2529 49 2538 53 2556 53 2531 52 
9 5 3434 52 2863 60 2773 66 2640 59 
9 6 3289 60 2679 63 2562 66 2526 73 
10 2 5644 47 473 48 4579 54 4450 49 
10 4 4201 56 3494 56 3259 65 3191 59 
10 5 4455 57 3745 60 3531 61 3536 62 
10 5 4655 70 3513 77 3396 72 3311 75 
ii 3 345 F2 274q 75 22Q 6 5 p 4r,.l 7 
12 2 5065 62 4207 67 3991 73 3719 54 
12 4 4929 65 3949 73 3619 75 3317 73 
13 4 2955 32 2629 85 2462 32 
14 0 2842 95 2713 91 2539 117 
0-10 5387 57 4011 63 3512 58 3375 61 3245 55 
0 —8 3374 42 2992 42 2932 39 2577 44 2995 44 
0 2 4006 18 3931 18 3795 18 3792 13 
0 4 4609 23 4352 24 4322 24 4337 23 
0 6 5960 34 5153 35 4956 35 4741 37 
0 8 2142 54 1527 56 1526 54 1473 60 1398 70 
0 10 4409 50 3322 59 3115 53 3045 57 2903 70 
1-11 3890 54 3329 77 3257 59 3206 70 218 32 
1 - 4205 51 3673 51 3595 46 3701 55 3546 57 
1 —E 1125 56 























































































T173K T=20,0 P=277E i'296K T323K T=323 
k 	1 Fobs Sig Fobs 	Sig Fobs Sig Fobs Sig Fobs Sig Fobs Sig 
1 —3 4262 20 4109 21 4101 21 4069 21 4022 21 
1 	—2 3753 18 3653 18 3665 18 3522 18 3596 1 
1 —1 4261 15 4211 15 4218 15 4153 15 4183 15 
1 	1 5158 17 4894 16 4820 16 4852 15 
1 	2 4635 19 4474 19 4439 19 4407 19 
1 	4 2043 25 1628 26 1381 2? 1314 25 
1 	5 5479 28 5169 28 5172 28 5152 23 
1 	8 1231 95 
1 	5 1053 101 
1 	10 2772 64 2330 69 2264 60 2319 76 2143 103 
1 	11 2315 73 1884 121 1677 84 1733 94 1614 111 
2-11 2613 68 2416 	69 2114 93 2072 61 1942 93 1915 88 
2-10 1547 95 
2 —9 2717 51 
2-8 916 75 
2 —3 5927 22 5529 22 5526 22 5403 22 5412 23 
2 —2 5572 20 5192. 20 5203 20 5143 20 5121 20 
2 —1 5507 13 5291 19 5144 19 5131 13 
2 	0 1310 18 1260 18 1259 19 1271 18 
2 	1 2780 19 2650 19 2543 18 2616 19 
2 	3 3234 22 2909 23 2981 22 2944 22 
2 	5 3912 30 3530 30 3605 31 3613 31 
2 	9 1529 70 
2 	9 1660 74 
3-1e 1859 93 
3 -e 1132 68 
3 —5 4861 31 4429 31 4445 31 4308 31 4259 31 
3 —4 4197 27 3947 27 3945 27 3899 27 3882 27 
3 —2 3379 21 3238 21 3240 21 3100 21 3109 21 
3 	0 4878 20 4929 20 4698 20 4721 22 
3 	1 5183 21 4983 21 4717 20 4737 21 
3 	3 5701 24 5395 24 5276 24 5227 24 
3 	9 4261 55 3994 	55 3574 59 3522 55 3477 58 3375 55 
3 10 1000 149 
3 11 3602 71 3591 	69 3216 77 2943 35 3015 76 2975 79 
4-10 1269 67 
4 —3 1596 65 1509 	71 1248 66 1262 59 1149 77 399 117 
4 —4 2258 29 2031 29 2007 29 1991 30 1979 30 
4 —3 3400 24 3133 24 3151 24 3033 25 3030 24 
4 —1 3123 .22 3340 22 3024 22 2979 22 2967 22 
4 	0 3073 21 2960 22 2949 22 2926 22 
4 	1 4275 22 4129 23 4092 23 4034 22 
4 	2 1999 23 1987 25 1845 24 1868 24 
4 	3 3809 29 7305 29 7577 29 7540 29 
4 	7 890 65 
4 	8 340290 
4 	9 5429 54 5180 	55 4450 56 4210 55 4339 58 4176 59 
4 10 1930 81 1731 	89 1405 90 1227 92 1401 121 1096 134 
4 11 3810 74 3612 	71 3133 74 2934 74 3054 79 2999 92 
5-10 3656 63 3348 	66 2970 73 2559 54 2589 74 2436 79 
5 —8 1161 80 
5 —4 2603 33 2033 35 2074 35 1709 37 1558 39 
5 —3 3992 29 3696 2 0 3693 29 3549 28 3605 29 
5 —2 3973 27 3714 27 3715 27 3670 27 3719 27 
5 —1 3509 24 3253 24 3237 24 3142 24 3126 24 
5 	0 1736 25 1510 27 1463 26 1454 23 
5 	1 4901 24 4453 25 4340 25 4255 24 
5 	3 1714 33 1496 34 1503 35 1 ,136 34 
5 	7 1331 56 1393 	60 1175 55 1045 66 1142 76 1207 55 
5 	.8 2983 58 2549 	58 1755 67 1262 68 1017 103 351 140 
5 11 1369 111 
6-11 3032 73 2659 95 2511 71 2651 92 2447 79 
6-10 1531 99 
5 —9 3309 65 3006 	62 2547 71 2467 51 2453 68 2300 81 
6 —3 2310 60 2110 	60 1966 65 1734 58 1828 74 1780 66 
6 —7 2596 58 2451 	59 2242 55 2232 51 2345 55 2301 53 
6 —5 3207 42 3093 	44 2727 44 2487 43 2555 49 2465 47 
6 —3 4254 31 3799 32 3819 33 3606 31 3599 33 
6 —2 6867 31 6240 32 6204 32 6025 32 6059 31 
6 —1 5223 28 4746 29 4721 29 4525 29 4494 28 
6 	1 5239 30 5035 31 4960 30 4917 33 
6 	2 3444 31 3053 31 2970 31 2868 31 
6 	3 
6 	6 
2945 35 2896 36 2730 35 2762 35 




46 4135 50 4057 50 
5 	9 2257 62 2122 	62 1915 71 1759 58 1998 69 1830 91 
6 	9 2594 73 2383 	66 2149 78 2077 67 2140 72 2108 75 
6 10 1495 73 
7-10 4.179 67 2906 77 2459 30 2495 94 2411 34 
7 —g 1294 94 
7 —3 2475 67 2246 59 1972 76 1915 79 1931 102 
7 —6 3468 45 . 2561 54 2253 47 2195 55 2009 53 
7 	1 5153 35 4568 34 4372 35 4333 35 
7 	5 2213 43 1943 49 1912 46 1982 50 1919 51 
7 	6 4793 47 3962 51 3637 49 3645 49 343 54 
7 	7 1355 77 
7 12 3722 77 2545 90 2394 73 2351 95 2444 31 
3-10 1344 147 
S —9 3000 76 2450 90 2407 77 2439 85 2234 22 
T=173K T=280K T=277 T=295K T=323K T=323K 
h 	k 1 Fobs Sig Fobs 	Sig Fobs Sig Fobs Siz Fobs Sig Fobs Sig 
1 	8 —6 890 129 
1 	6 —6 4154 51 3631 56 3413 52 3481 56 3472 55 
1 	6-5 3258 47 
1 	9 —1 3488 38 3204 39 3197 38 3138 39 3147 40 
1 	3 6 1251 57 
1 	8 7 5237 58 4348 59 4100 54 4151 50 3994 59 
1 	8 8 1303 133 
1 	9 10 1509 103 
1 10 —5 4022 57 3140 64 2982 71 2864 65 
1 	11 —3 3592 59 3147 70 2935 67 2997 55 
1 	11 —1 3344 57 2925 59 2750 60 2656 59 
1 	13 —2 5539 65 4293 78 3913 74 3718 95 
2 	8-12 3525 70 2529 93 2945 37 2555 94 2507 74 
2 	0-10 4148 57 3511 60 3436 53 3415 66 3268 52 
2 	0 -e 855 90 
2 	0 —4 7533 	25 7242 25 
2 	0 —2 3206 19 3094 20 3100 20 3045 20 3031 20 
2 	0 4 4716 27 4510 29 4395 27 4366 27 
2 	2 10 1823 74 1452 99 1594 90 1377 83 1524 90 
2 	1-12 3429 74 2577 Be 2401 71 2430 93 2492 39 
2 	1-10 1219 97 
2 	1-9 144977 
2 	1 —4 3631 24 3491 24 3485 24 3377 24 3417 24 
2 	1 —1 4861 19 416 20 4812 20 4516 19 4695 19 
2 	1 2 1651 22 1521 23 1445 23 1452 23 
2 	1 3 1320 25 1200 26 1185 27 1123 28 1073 29 
2 	1 4 6140 28 5784 29 5751 29 5649 29 5669 23 
2 	1 8 1428 51 
2 	1 9 3361 57 2540 60 2451 52 2404 63 2204 52 
2 	2-10 2906 73 2714 	63 2349 69 2359 90 2292 69 2229 57 
2 	2 —9 3664 52 3455 	52 3114 55 3071 53 3022 56 2940 61 
2 	2 —8 4693 45 4603 	43 4247 46 4221 43 4344 47 4219 47 
2 	2 8 6115 21 6027 21 6223 21 5898 21 5992 21 
2 	2 1 5702 22 5428 22 5367 22 5430 22 5412 22 
2 	2 2 4282 22 4077 22 4290 22 3991 22 3998 22 
2 	2 3 2244 23 2011 25 1993 25 1924 25 1393 25 
2 	2 7 4382 41 4103 	42 3649 42 3563 43 3524 44 3393 43 
2 	2 9 4599 47 4483 	46 4163 48 3553 46 4050 48 3928 43 
2 	2 9 1672 103 
2 	2 10 2759 71 2508 	79 2323 73 2239 94 2293 92 2217 79 
2 	3-11 1477 109 
2 	3-9 1795 62 
2 	3-3 2796 47 
2 	3 —3 3588 23 3330 24 3311 24 3126 24 3129 24 
2 	3 —2 6552 24 6334 24 6335 24 6357 24 6335 24 
2 	3 —1 2325 22 2370 22 2363 22 2395 22 2393 22 
2 	3 0 3268 21 3042 22 3048 22 2943 21 2953 21 
2 	3 1 2186 22 2129 22 2114 22 2062 22 2031 23 
2 	3 2 2373 23 2429 23 2421 23 2453 24 2443 23 
2 	3 8 2544 55 
2 	3 9 2139 58 
2 	3 10 3 ,130 67 3196 	68 2921 74 2676 89 2500 72 2530 83 
2 	4-11 1602 51 
2 	4 —2 2550 50 2480 	51 2403 54 2357 47 2429 56 2270 57 
2 	4 —7 4402 43 4128 	41 3406 46 3049 41 2945 45 2799 51 
2 	4 —2 4342 24 4272 24 4264 24 4266 24 4300 24 
2 	4 —1 3835 23 3539 23 3552 23 3397 23 3339 23 
2 	4 8 2224 23 2224 25 2223 25 2177 25 2240 23 
2 	4 1 1700 25 1468 26 1471 25 1419 28 1353 29 
2 	4 8 2127 59 1960 	62 1809 66 1577 60 1655 65 1738 76 
2 	4 9 3558 64 3235 	63 2470 73 2175 51 2053 78 2022 79 
2 	410 1371 37 
2 	4 11 2893 72 1950 99 1656 78 1733 121 1390 149 
2 	5-11 991 139 
2 	5-10 2868 73 2614 	84 2316 77 2178 67 2219 77 2201 91 
2 	5 —9 3024 62 2822 	65 2301 77 2194 57 2302 66 2091 69 
2 	5 —8 5123 51 4940 	52 4559 56 4286 49 4392 50 4253 50 
2 	5 —7 2032 50 1902 	50 1676 55 1532 56 1553 70 1463 55 
2 	5 —2 4617 28 4268 28 4253 27 4139 28 4192 29 
2 	5 0 7290 29 7076 29 5755 29 6752 29 
2 	5 1 4994 27 4624 28 4659 29 4518 28 4414 29 
2 	5 2 4050 30 3794 31 3757 31 3717 30 3702 31 
2 	5 6 2981 43 2780 	42 2490 47 2317 47 2354 49 2249 49 
2 	5 7 2742 42 2579 	50 2018 52 1855 51 1521 65 1736 59 
2 	5 6 5901 55 5668 	54 5318 55 4956 56 5194 53 5114 59 
2 	5 18 3367 72 3162 	79 2626 78 2629 69 2653 91 2350 33 
2 	6-10 1427 94 
2 	6-9 1029128 
2 	6 —9 3247 59 3029 	59 2709 62 2470 54 2411 59 2349 51 
2 	5 —7 3312 48 3009 	51 2342 59 2209 56 1964 58 1774 51 
2 	6 —1 2707 31 2446 33 2477 33 2362 33 2320 32 
2 	6 0 4266 31 . 3939 31 3556 31 3915 31 3797 31 
2 	6 6 2419 52 2203 	52 1959 60 1995 45 1770 55 1695 53 
2 	6 7 1040 92 
2 	5 9 2831 64 
2 	7-10 3291 95 2660 78 2532 90 2621 81 2565 76 
2 	7-9 1141 99 
2 	7—? 1304 69 
2 	7 —e 2653 53 2523 56 2436 57 2473 50 2415 51 
T=173K T=230K T=277K T=255K T=323K T=323 
h Ic 1 Fobs Sig Fobs Sig Fobs Sig Fobs Sig Fobs Sig lobs Sig 
2 7 —5 2321 55 1633 57 1301 64 1346 72 1118 95 
2 7 5 2533 50 1965 54 1931 53 1910 52 1575 53 
2 7 6 4591 49 4033 53 3937 50 4009 54 3934 53 
2 8-10 954 140 
2 9 —9 1055 74 
2 S —7 3510 62 2896 62 2647 60 2544 62 2633 55 
2 8 —E 1865 58 1377 75 1305 55 1259 99 1262 92 
2 9 —3 3003 50 2479 53 2295 48 2265 54 2170 53 
2 6 —4 6097 44 5236 46 4890 43 4943 45 4876 45 
2 10 —6 4045 62 3373 73 3176 67 3151 72 
2 10 —2 5758 49 5025 51 4900 51 4725 52 
2 11 —1 3256 60 2536 64 2342 70 2295 55 
2 12 0 5180 62 4147 53 3551 66 3817 70 
2 13 3 4921 66 3598 74 3309 92 2993 79 
3 0-10 4266 60 2858 69 2496 74 2436 91 2164 89 
3 0-8 1240 70 
3 0 —2 4383 23 4172 23 4195 24 4126 23 4271 24 
3 0 0 4908 22 47e1 	22 4606 22 4481 20 4537 22 4450 22 
3 0 2 5935 24 5444 25 5463 24 5341 25 5317 25 
3 0 8 1056 89 
3 0 10 1579 93 1525 97 1369 97 1374 129 1554 98 
3 1-12 3038 64 2624 70 2446 63 2494 68 2424 74 
3 1 —5 3561 53 3239 57 3155 48 3196 55 3020 59 
3 1 —2 4409 23 4203 23 4196 23 4139 23 4094 24 
3 1 0 1620 23 1522 26 1515 26 1482 24 1486 25 
3 1 1 5802 24 5629 24 5625 24 5531 24 5561 24 
3 1 7 3912 45 3172 49 3048 39 3087 47 2956 49 
3 1 8 1349 68 
3 1 9 3528 60 3041 67 2992 59 2885 66 2965 74 
3 1 10 2928 70 2221 77 2011 72 1998 81 1726 83 
3 2-9 1527 90 
3 2-8 1427 75 
3 2 —1 3508 23 3296 23 3299 23 3290 23 3246 23 
3 2 1 3544 23 3468 23 3446 23 3457 25 3360 23 
3 2 2 2715 27 2511 27 2577 27 2630 27 2577 27 
3 2 7 1540 93 
3 2 8 1057 117 
3 2 9 3654 61 3253 	60 2894 57 2799 71 2795 67 2719 66 
3 2 10 2677 71 2491 	73 2004 92 1764 91 1790 92 1645 102 
3 3-11 3035 68 2833 	72 2411 79 2243 87 2393 77 2214 34 
3 3 —9 3637 54 3390 	56 3035 57 2870 63 2539 58 2847 53 
3 3-8 2023 52 
3 3 —1 5702 25 5523 25 5544 25 5435 24 5351 25 
3 3 7 4063 46 
3 3 8 1340 92 
3 4-11 4788 66 4514 	70 4019 77 3861 74 3946 75 3615 73 
3 4 —9 3150 64 2906 	63 2521 56 2400 69 2339 66 2241 SE 
3 4-7 2191 53 
3 4 —1 8397 29 7820 29 7852 30 7590 30 7524 33 
3 4 5 1862 52 1771 	54 1982 54 1723 62 1749 66 1690 54 
3 4 7 5027 48 4762 	50 4495 Se 4357 46 4430 50 4362 50 
3 4 9 1999 35 1797 	75 1950 129 1566 89 1512 105 1493 37 
3 5-12 100 106 
3 5 —9 3558 64 3144 	62 2639 55 2356 51 2538 55 2310 72 
3 5 —8 3025 55 2732 	62 1944 63 1613 65 1587 86 1430 99 
3 5 —7 3397 49 3243 	48 3062 50 2925 46 2965 55 2999 52 
3 5 —6 3489 44 3298 	43 2 7 73 45 2462 43 2513 46 2434 50 
3 5 7 3029 56 2807 	54 2358 62 2067 72 2173 63 2174 63 
3 5 10 3095 73 2155 88 1850 86 1916 109 1792 116 
3 6-11 1426 105 
3 6-10 2537 89 2189 	86 1777 80 1626 74 1541 103 1398 113 
3 5 —9 2961 68 2923 	65 2554 72 2472 68 2537 75 2558 77 
3 6 —7 2766 52 2511 	56 2358 65 2271 53 2237 56 2202 52 
3 6 —6 5935 44 5583 	45 5040 45 4929 45 4866 46 
3 5 0 3194 35 2992 38 2507 33 2310 35 2767 35 
3 6 5 2932 42 
3 6 5 2594 55 2363 59 2275 57 2274 60 2265 64 
3 6 7 2747 61 2302 71 2199 60 2194 75 2161 69 
3 5 9 3742 70 3554 	72 2947 73 2760 69 2955 75 2735 91 
3 6 10 3912 81 3046 83 2739 72 2503 85 
3 7-10 1446 108 
3 7 —9 2822 69 2329 92 2132 70 2174 79 2096 90 
3 7 —4 1914 50 1567 51 1315 49 1237 64 1273 6C- 
3 7 0 3395 38 2508 42 2926 43 2370 41 2325 39 
3 7 5 1114 81 
3 7 6 4150 53 3399 51 3195 55 3164 59 2961 57 
3 7 7 3888 61 3194 58 2842 52 2796 77 2789 55 
3 8-10 2414 93 2241 90 2079 97 2192 107 
3 8 —9 2498 82 2092 99 1796 77 1954 94 1913 129 
3 8-7 173469 
3 8 —5 3103 56 2777 52 2695 46 2669 57 2616 55 
3 6 —3 4049 45 3569 48 3425 43 3497 47 3348 49 
3 8 —2 3851 42 3344 45 3157 42 3275 49 3129 45 
3 9 —5 5028 54 3979 se 3799 60 3716 52 
3 11 —1 7664 50 6405 50 5123 63 5339 50 
4 0-10 1858 75 1702 104 1583 97 1771 105 
4 0 —8 7016 47 6241 49 6239 45 6177 48 6025 45 
e —2 6227 29 5956 29 5791 28 5735 29 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































T=173K T=200K T=277K T=296K T=307K T=323K 
h 	k 	1 Fobs Sig Fobs Sig Fobs Sig Fobs Siz Fobs Sig Fobs Sig 
5 	1 —7 3954 47 3567 51 3373 41 3418 49 3255 49 
5 	1 —6 3231 45 2695 47 2553 41 2549 56 2559 47 
5 	1 	0 2346 38 2771 40 278E 42 2143 3? 2073 38 
5 	1 	5 3570 43 
5 	1 	6 3298 52 2725 56 2582 46 2557 57 2442 57 
5 	1 	7 4319 57 3646 55 3645 57 3715 52 3533 62 
5 	1 	9 2978 74 2201 96 2113 75 1995 95 1923 94 
5 	2-1 2121 95 
5 	2 —9 3422 70 3118 65 2539 70 2609 71 2435 75 2410 32 
5 	2 —B 1465 75 
5 	2 —7 1459 75 
5 	2-6 29379 
5 	2 	5 4489 46 4153 44 3718 46 3672 51 3609 49 3525 45 
5 	2 	6 2528 57 
5 	2 	7 4616 57 4424 57 3970 59 3947 56 3955 67 3595 60 
5 	2 	8 1057141 
5 	3-10 1550 121 
5 	3 —3 3161 63 2928 64 2618 61 2511 60 2534 71 2437 59 
5 	3-7 3057 52 
5 	3-6 1454 91 
5 	3 	4 1747 72 
5 	3 	3 1109127 
5 	3 	9 2999 72 3041 es 2567 81 2359 ES 2379 Be 2249 82 
5 	4-10 1206 226 
5 	4-9 1371 99 
5 	4 —7 3307 57 3125 55 2722 61 2574 60 2494 60 2394 53 
5 	4 —6 2112 65 
5 	4 —5 7038 44 6911 43 6394 44 6275 42 6226 44 6059 45 
5 	4 	3 5130 42 4959 41 4793 42 4531 43 4626 44 4573 43 
5 	4 	4 1628 53 1548 57 1075 75 1075 88 1107 79 993 99 
5 	4 	5 2770 55 2596 57 2450 57 2251 55 2246 61 2276 59 
5 	4 	9 3258 39 2813 98 2457 76 2564 83 2442 93 
5 	5-10 1139 125 
5 	5 —9 571 119 
5 	5 —9 1021 131 
5 	5 —7 2995 59 2652 61 2294 65 2101 59 2143 76 2044 93 
5 	5-6 1026 64 
5 	5 —5 1881 54 1829 57 1527 60 1377 53 1243 96 1304 70 
5 	5-4 R34 75 
5 	5 	3 3729 47 3373 45 2941 50 2742 44 2816 61 2670 53 
5 	5 	5 1209 92 
5 	5 	6 2918 61 2757 78 2594 68 2346 51 2447 68 2325 65 
5 	5 	7 3060 70 2578 71 2435 88 2361 73 2210 75 2118 90 
5 	5 	S 1056 104 
5 	6-10 4138 76 3037 82 2924 69 2950 73 2748 92 
5 	6 —9 3519 68 3222 71 2872 77 2594 73 2926 77 2742 74 
5 	6 —7 2708 65 2609 67 2306 69 2164 63 2210 69 2037 71 
5 	6 —6 2094 62 1819 68 1588 70 1545 70 1356 98 1272 100 
5 	6 —5 2391 57 2321 55 1773 62 1731 55 1803 64 1657 67 
5 	6 —4 2366 52 2344 51 2035 54 2056 63 2024 57 1876 76 
5 	6 —3 4622 45 4504 43 4127 44 3902 41 4315 45 3966 45 
5 	6 —1 4918 Al 4709 42 4370 44 4226 40 4246 43 4145 47 
5 	6 	0 3812 43 3616 42 3239 44 3147 43 3199 46 394 46 
5 	6 	1 3443 45 2990 49 2953 44 2913 46 2963 49 
5 	6 	2 3061 48 2679 51 2695 46 2693 52 2670 52 
5 	6 	3 3342 51 2994 55 2679 51 2751 54 2665 53 
5 	6 	5 4537 55 3686 59 3525 54 3617 62 3357 58 
5 	6 	6 4341 62 3745 65 3532 59 3645 69 3332 67 
5 	6 	7 3285 70 3053 70 2625 74 2670 71 2553 73 2493 91 
5 	7-3 1549 92 
5 	7 —7 3716 61 3104 71 2815 62 2996 70 2851 73 
5 	7 —6 4034 56 3017 63 2627 59 2703 63 2554 77 
5 	7 —4 2568 58 1925 70 1763 75 1789 66 1619 93 
5 	7 —3 2527 58 1974 56 1769 50 1911 67 1898 SE 
5 	7 —2 4724 46 4216 50 3994 44 4083 49 3962 50 
5 	7-1 1657 57 
5 	7 	0 1173 59 
5 	7 	1 1173 57 
5 	7 	2 3725 50 2999 59 2932 49 2921 54 2590 55 
5 	7 	3 3370 51 
5 	7 	6 1043144 
5 	7 	7 1207 97 
5 	8-7 2146 93 
5 	9 —6 1759 100 
58-5 117877 
5 	8-4 1403 94 
5 	9 —3 5017 52 4357 57 4206 51 4276 54 4062 62 
5 	6 —2 1142 72 
5 	9 —1 539 52 4217 57 4106 52 4115 55 3590 55 
6 	0 -5 4533 49 3993 51 3943 49 3365 52 3745 52 
6 	0 —4 3414 44 2975 43 2901 42 2813 45 2819 45 
6 	2 	2 2253 47 2012 47 2055 41 2046 48 1954 49 
6 	2 	4 7724 47 5578 47 6438 43 5381 49 6205 49 
6 	0 	6 3539 61 3348 61 3215 64 3274 62 3217 53 
6 	1-12 1099 134 
6 	1 —9 2984 70 2163 78 1947 71 2004 82 1941 95 
6 	1 —3 1122 96 
6 	1-7 1370 74 
5 	1 	—5 1435 61 
T=173K T=200K T=277F T=296K T=333K T=323K 
h k 1 Fobs Sig Fobs Sig Fobs Sig Fcbs Sig Fobs Sig Fobs Sig 
6 1 —4 5749 42 5080 46 4925 3? 4251 43 4765 42 
6 1 4 3202 55 3338 60 2915 45 2944 55 2919 51 
6 1 5 205 111 
6 1 6 2532 62 1949 72 1905 55 1914 85 1834 70 
6 1 7 2527 66 1515 92 1556 79 1660 99 1404 89 
6 1 8 1105 143 
6 2-10 907 139 
6 2 —E 4079 59 3873 59 3298 64 3337 70 3291 72 3201 58 
6 2 —7 4543 54 4199 55 3795 50 3495 53 3537 50 3413 59 
6 2-6 2659 54 
6 2 —5 2861 47 2839 49 2499 54 2389 52 2341 51 2235 54 
6 2 2 3102 44 3074 46 2864 49 2791 59 2827 46 2736 51 
6 2 4 2633 54 24e7 59 2080 57 1905 60 1999 65 1908 73 
6 2 5 1175 139 
6 2 6 1443 91 
6 2 8 4O9 67 3923 67 3331 79 3174 91 3226 71 3110 76 
6 3-10 3363 69 2767 77 .2754 98 2647 83 2525 77 
6 3 —9 1277 139 
6 3 —8 1214 177 
6 3-7 1390 75 
6 3 —6 1530 79 
6 3-5 1409 76 
6 3 —4 4729 46 4494 45 4169 46 4009 44 4097 46 3900 45 
6 3-3 2431 48 
6 3 1 2930 46 2729 43 2645 49 2595 46 2545 48 2535 47 
6 3 2 5341 44 5108 45 4458 44 4188 43 4354 46 4103 49 
6 3 3 1744 63 
6 3 5 2779 62 
6 3 6 3622 63 3213 70 2789 70 2552 71 2490 70 2478 74 
5 3 7 1090 118 
6 3 3 1894 95 
6 4-9 2122 93 
6 4 —5 1440 102 
6 4 —4 1504 76 
6 4 —3 3190 47 3085 46 2644 49 2440 49 2556 50 2465 49 
5 4 0 2313 49 2277 49 2065 53 2040 50 2095 52 2015 55 
o 4 1 3292 50 3236 48 2821 54 2711 45 2794 55 2706 49 
6 4 2 3098 50 2944 50 2627 53 2509 49 2541 52 2490 54 
6 4 3 3161 51 2955 52 2532 54 2381 52 2407 57 2279 55 
6 4 5 4033 58 3764 58 3340 52 3074 57 3049 72 2950 65 
6 4 6 1295 75 
647 933112 
6 4 9 2278 91 1994 115 1979 84 1913 109 1848 104 
6 5 —8 4534 67 4146 65 3797 69 3609 67 3676 69 3549 74 
6 5 —7 3657 52 3255 62 2753 68 2596 62 2591 70 2497 73 
6 5 —6 2486 65 2309 70 1939 68 1966 60 1921 73 1824 93 
6 5 —5 3098 57 2833 57 2630 62 2387 56 2556 61 2475 64 
5 5 —4 2793 53 2599 60 2348 57 2131 61 2224 61 2129 59 
6 5 —3 2566 55 2512 56 2128 58 1993 55 2077 57 1895 62 
6 5 —2 2520 49 2455 51 2274 52 2103 49 2191 55 2100 57 
6 5 —1 3005 47 2786 49 2370 55 2298 49 2169 53 2059 53 
6 5 0 6584 45 6390 45 5943 46 5733 44 5779 46 5652 45 
6 5 2 4539 51 4234 49 3660 54 3466 48 3491 53 3460 55 
6 5 4 1115 123 
6 5 5 1105 91 
6 5 5 3635 72 3315 65 2730 73 2661 71 2738 87 2418 92 
6 5 8 4469 69 3698 74 3441 71 3544 80 3401 91 
6 6 —9 3283 74 2957 70 2483 93 2078 103 2362 97 2120 100 
6 5 —7 1104 133 
6 6 —6 2733 54 2576 76 2196 79 1925 69 1936 87 2055 75 
6 6 —5 1053 115 
6 6 —4 4824 55 4535 54 4039 56 3822 50 3917 61 3749 52 
6 6 —2 2995 52 2697 54 2348 59 2197 58 2357 62 2235 62 
6 6 0 3300 51 3121 53 2719 57 2534 54 2593 56 2452 59 
6 6 1 1469 65 
6 5 2 711 135 610 140 471 268 702 122 610 133 
6 7 —7 1178 92 
6 7 —6 3065 70 2514 77 2411 85 2468 76 2291 77 
6 7 —5 1493 161 
6 7 —4 3476 61 2948 64 2729 63 2655 72 2616 55 
6 7 —3 1415 82 
6 7 —2 5573 53 4637 54 4430 52 4510 57 4408 55 
6 7 1 1517 62 
6 7 2 1156 93 
6 7 4 6790 65 5555 65 5052 59 5172 64 4990 55 
6 7 5 1195 95 
6 7 6 3325 83 2929 20 2643 64 2633 27 2655 91 
6 6 —7 1122 128 
6 8-6 2574 75 
6 8 —4 4164 61 3318 68 3017 69 3087 73 3098 92 
6 8 —2 3444 61 2830 56 2550 75 2569 59 2551 69 
6 8 —1 1035 122 
6 10 0 3274 69 2495 BE 2173 91 2077 105 
7 0 —E 1665 95 
7 0-6 4133 55 
7 0 —4 3309 50 2551 58 2500 50 2463 57 2270 53 
7 0 —2 3204 49 2535 53 2453 45 2295 52 2257 54 
7 3 3 790 52 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































T=173K T=200K T=2776 T=295K T=303K T=323 
k 1 Fobs Sig Fobs Sig Fobs Sig Fobs Sig Fobs Sig Fobs Sig 
1 4 1040 111 
1 5 926182 
2 —7 1123 157 
2-5 2055 77 
2 —5 3335 65 3074 75 2587 72 2414 68 2423 84 2216 76 
2 —4 3107 64 
2 —3 1117 120 
2 —2 2548 73 2100 68 2154 84 2142 74 2042 59 
2 0 1915 74 
2 1 1350 95 
2 2 1191 111 
2 4 4397 69 4103 64 3578 73 3337 58 3339 72 3279 75 
2 5 3494 71 3095 74 2556 81 2360 92 2272 90 2216 96 
3 —7 1600 93 
3 —4 2384 70 
3 —3 2247 72 
3 —2 4484 56 4226 57 3554 61 3407 73 3391 69 3208 64 
3 —1 2120 76 1567 92 1605 101 1403 99 1278 97 
3 1 3091 63 2949 67 2557 79 2448 85 2396 74 2226 76 
3 2 4060 62 2997 66 2809 69 2731 69 2531 71 
3 3 1140 139 
3 4 2119 91 
3 5 2055 93 
4 —7 1474 147 
4 —4 1691 77 
4 —3 2497 72 
4 —2 2509 70 2300 72 2017 79 1990 105 1867 91 1833 80 
4 —1 3193 64 2254 93 2004 80 1967 32 1797 92 
4 1 3804 62 3478 70 2799 69 2601 58 2562 6? 2442 69 
4 2 2243 84 1928 78 1602 89 1561 82 1410 93 1500 113 
4 4 2331 84 2263 74 2113 90 1904 93 1928 104 1910 96 
5 —7 1193 174 
5 —6 1310 83 
5 —5 2241 76 2087 84 1611 95 1560 114 1380 105 1335 111 
5 —4 5115 64 4810 64 4059 74 3760 66 3937 76 3819 73 
5 —2 3819 63 3549 63 2973 75 2751 64 2303 72 2635 75 
5 1 1020 102 
5 2 3413 73 3214 76 2608 79 2399 81 2370 76 2107 92 
5 4 4889 67 3955 75 3724 73 3775 Be 3623 75 
6 —6 2105 79 1704 123 1548 Be 1636 106 1429 169 
6 —5 956 159 
6 —4 2387 84 2202 75 1769 97 1619 99 1520 100 1554 152 
6 —3 1197 118 
6 4 2543 93 2397 83 2393 107 2250 97 
7 —3 997 134 
7 0 6445 55 4907 69 4492 56 4599 73 4339 72 
7 2 2512 81 2333 71 2460 86 2265 92 
8 —3 2346 81 1969 96 2150 100 1263 110 
8 —2 1086 160 1101 156 1195 139 901 166 
8 —1 1347 150 
8 0 3248 94 2896 68 2915 85 2708 90 
0 —4 399 732 
0 —2 749 142 
0 0 1169 89 
0 2 3297 69 2313 78 2169 71 2258 94 1949 84 
1 —6 2772 72 2097 100 1979 142 1937 123 1695 136 
1 —5 3362 72 3089 70 2531 81 2624 77 2400 79 2324 Be 
1 —4 1204 137 
1 —3 2416 72 2341 75 2045 84 1832 82 2036 98 1637 92 
1 —2 2801 69 2529 72 2154 95 2005 79 2045 38 1914 104 
1 —1 3875 59 3464 65 3119 73 2974 64 2939 72 2300 75 
1 1 3753 69 2638 79 2523 69 2535 85 2372 91 
1 2 2630 82 2075 92 2107 91 2035 107 2015 96 
2 —5 1469 102 
2 —3 3853 66 3358 69 2952 79 2860 73 2863 90 2696 77 
2 —2 3191 75 2181 92 2017 98 1699 104 
2 —1 4099 67 3689 64 3165 70 3016 61 2937 73 2828 79 
3 —5 3332 72 2547 95 2375 82 2419 105 2245 Be 
3 —4 946 171 
3 —2 1046 157 
3 0 1531 110 
3 1 2920 80 2968 70 2295 96 2419 94 2263 91 2169 93 
4 —3 2567 74 2429 79 236 92 1969 101 1757 100 1722 111 
4 1 3059 77 2735 80 2424 95 2172 79 2269 63 2315 98 
4 2 1052 131 
5 —3 1151 136 
5 —2 1300 130 
5 —1 2414 95 2233 93 1712 119 1659 99 1549 100 1667 105 
5 2 1331 113 
5 —3 2529 79 1919 89 1775 100 1943 92 1344 134 
6 —2 4216 68 2958 90 2733 75 2914 88 2581 108 
6 —1 3345 76 2495 96 2174 77 2292 102 2127 89 
APPENDIX C 
Extinction correction factor 
In the least-squares refinements of the PbHPO 4 crystal structure 
from neutron data, an isotropic extinction parameter was refined. 
The form of extinction factor was that used by Cooper, Rouse and Willis 
(1968) for the secondary extinction for each reflection 
3. 
FC = Y2 F 
with y = (1 + x*2) J - x* 
c F0 
2 
and x = 
sin 20 
where F   is the calculated kinematic structure factor, F C the extinguished 
structure factor 9 0 the Bragg angle and c the extinction 
parameter to be determined. 	Path length variation is neglected. 
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STRUCTURAL STUDIES OF THE MONOCLINIC DIHYDROGEN PHOSPHATES: 
A NEUTRON-DIFFRACTION STUDY OF PARAELECTRIC CsH2PO4 
R.J. Nelmes and R.N.P. Choudhary 
Department of Physics, University of Edinburgh, Mayfield Road, Edinburgh EH9 NZ, Scotland 
(Received 11 November 1977; in revised form 14 February 1978 by R.A. Cowley) 
The crystal structure of paraelectric CsH 2 PO4 at room temperature is 
presented. As suggested by the strong cjeuteration-dependence of the 
transition temperature and the distribution of quasielastic scattering, one of 
the hydrogen bonds is found to be very probably (97.5 17o) disordered, with 
H—H = 0.48(4) A. This work is set in the context of the interest now 
being shown in the group of monoclinic dihydrogen phosphates - deuter-
ated KDP, NaDP, the ferroelectric CsDP and the presumed ferroelectric 
T1DP (DP denotes H 2PO4). Recent work on these other compounds is 
surveyed briefly. 
THE PURPOSE of this communication is to draw 
attention to the group of monoclinic dthydrogen phos-
phates, and to present a structural study of one of them, 
CsH2PO4 (denoted CsDP). The members of this group 
known and studied to date are K(D H,_)2PO4 (DKDP), 
NaH2 PO4 (NaDP), CsDP and T1H 2 PO4 (T1DP). 
CsDP has attracted growing interest since it was 
shown to have a ferroelectric transition with a very 
deuteration-dependent transition temperature [1]. 
Although ferroelectnc behaviour is CsDP was first 
reported in 1950 [2], it was only recently that the 
dielectric properties of CsDP and its deuterated 
isomorph CsD2 PO4 (DCsDP) were carefully investigated 
and compared by Levstik, Blinc, Kadaba, óikov, 
Levstik and Filipië [1] . They found the transition 
temperature for CsDP to be 153.5 K and that of 
DCsDP to be 267.45 K. This large isotope effect and 
the form of the dielectric anomaly suggest that the 
hydrogen bonding plays an important role in a transition 
phenomenologically similar to that observed in tetrag-
onal KH 2 PO4 (KDP). Very recently, strongly structured 
quasielastic scattering in the paraelectric phase of 
DCsDP has been investigated (by neutron scattering) 
and reported to be typical of a one-dimensional system 
with chain-like ordering along the direction that 
becomes the polar axis in the ferroelectric phase [3]. 
This is different from the quasielastic scattering from 
the more three-dimensional ordering observed in 
tetragonal DKDP - though, as said, phenomenologically 
the transitions are very similar. 
The crystal structure of CsDP was first investigated 
by Fellner-Feldegg [4] and reported as orthorhombic. 
Recently Uesu and Kobayashi [5] have completed a 
full three-dimensional structure determination by X-ray 
diffraction. They found the true symmetry to be mono-
clinic, with space group P2 1 /m, and cell parameters  
a = 7.90065(8) A, b = 6.36890(9) A, c = 4.87254(12) A 
and 0 = 107.742(9)°. There are two formula units in 
this cell. [The pseudo-orthorhombic cell - correspond-
ing to the one found by Fellner-Feldegg [4] - then has 
a true symmetry B2,/m with cell dimensions a = 
4.8725(1) A, b = 6.3689(l)A, c = 15.0499(8)A and 
$3 = 90.22(l) ° ; and it contains four formula units. We 
have chosen to work with this unit cell.] The hydrogen 
atom positions were not determined in this X-ray study 
so, in view of the role they apparently play in the 
phase transition, we have carried out a neutron-diffrac-
tion experiment to locate them in the paraelectric 
phase of CsDP at room temperature. 
A specimen of size 1.6 x 1.5 x 1.5 mm 3 was cut 
from a single crystal kindly provided by Dr. A. Levstik, 
University of Ljubljana. The sample was mounted with 
its b-axis along the -axis of the MkVI four-circle 
diffractometer on the DIDO reactor at A.E.R.E., 
Harwell. The systematic absences of the space group 
B2 1/m were carefully checked. Data were collected out 
to sin 0/A = 0.60 A- ' in the hemisphere (± h, k, ±1) 
using w/20 scans, with a wavelength of 1.1803(2) A. 
The stability of the experiment was checked by the 
repeated measurement of a standard reflection. The 900 
reflections measured were Lorentz-corrected (no 
absorption correction was made) and averaged over 
equivalents (two, in general) to yield a total of 453 
independent reflections. Those with intensity, I, less 
than 2a(I) were omitted from the data set; the remain-
ing 374 reflections were used for the Fourier difference. 
syntheses and least-squares refinements (carried out 
with the XRAY-74 system [6]). 
The hydrogen atom positions were identified in 
Fourier difference-syntheses computed with the 
positional and thermal parameters for Cs, P and 0 
determined by us in a preliminary X-ray experiment. 
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a 7.45(1) 6.808(2) 4.8725(1) 14.308(1) 
b 14.71(2) 13.491(3) 6.3689(1) 4.518(6) 
c 7.14(1) 7.331(2) 15.0499(8) 6.516(1) 
130 92.31(1) 92.88(3) 9022(1) 91.76(1) 
Z 8 8 4 4 
Space 
group P2 1 P2 1 /c B2 1 /m P2 1 1a 
amplitude directed approximately along the 0 3 . - . 03 ' 
line. So a disorder model for 11 2 was tried, with half 
occupancy of two general positions H 2 and 112' sym-
metrically displaced from (0, 4, 4) along the 0 3 . - . 03' 
line. Least-squares refinement of this model,with the 
same data and weighting scheme as before, gave a final 
R-index of 4.9%. By the R-factor ratio test [9] the 
improved fit, even with our relatively low-resolution 
data, is significant at the 97.5% level, Though, alone, 
this is not completely conclusive, the evidence of the 
structured quasielastic scattering strongly supports the 
disorder model - as remarked below. Table 1 gives the 
final positional parameters. 
Hydrogen bonds 01-H1.. . 02 in the mirror planes 
link PO4 groups into chains along the a-axis. These 
chains are then cross-linked to similar parallel chains by 
03-H2-H2'-03' bonds, which have a centre of inver -
sion at their mid-points; the 11 2 -11 2 ' distance is 
0.48(2) A. This disordered hydrogen bond is of particu-
lar interest in relation to the ferroelectric phase tran-
sition. In view of the large isotope effect on 7, it seems 
probable that the transition involves an ordering of the 
H2 atoms. As in KDP the bond is nearly perpendicular 
to the axis (b) which becomes the ferroelectric axis in 
the low-temperature phase. But the H 2 -H2' separation 
is somewhat greater than the proton site-separation in 
P. The dimensions of the two hydrogen bonds given 
in Table 2 are calculated L6 from the parameters in 
and the cal 	elcns 	ven in 'Ji'able 3. 
Our results are in full agreement with the structure 
surmised from the strongly structured quasielastic 
scattering 	discussed above: the hydrogen bonding 
:iols phosphate groups into a-b sheets vihlch are not 
bonded to adacant sheets along c, and he accuence of 
disordered hydrogen bonds 
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Table 1. Refined fractional coordinates for the disorder 
model of CsDP at room temperature. Estimated stan- 
dard deviations are given in parentheses 
Atom Site 
symmetry 
x y z 
Cs m 0.0965(7) 0.25 0.1331(2) 
P m 0.5899(6) 0.75 0.1187(2) 
0 1 m 0.8091(6) 0.75 0.1955(2) 
02 m 0.3152(6) 0.75 0.1613(2) 
03 1 0.6454(6) 0.5530(5) 0.0633(2) 
m 0.495(1) 0.25 0.3226(3) 
112 1 0.973(5) 0.500(6) 0.487(1) 
Table 2. Distances (in A) and angles (in degrees) for the 
two independent hydrogen bonds in CsDP. The esti-
mated standard deviations are given in parentheses 
0 1 -H,... 02 	 03 -H2 -H2 '-03 ' 
Distances: 
0 1 -H 1 0.995(7) 03 -113 1.00(2) 
H. .. 02 1.530(7) 112. . . 03 ' 1.46(2) 
0k.. . 02 2.521(7) 03 . . . 03' 2.46(1) 
H2 -H2 ' 0.48(4) 
Angles: 
01-H1.. . 02 173.2(5) 03-H2 ... 03 ' 174(4) 
Two types of hydrogen site were found: one (designated 
111) a special position on the mirror plane, the other 
(designated H 2) a special position at a centre of inver-
sion (T). For least-squares refinement the standard 
origin at 1 was chosen; the special positions (site sym-
metry m) of Cs, P, 01,02 and 111 are then at  = j or 
(see Table 1), and 112 (site symmetry I) is at 0, J, 1. 
Oxygen 0 3 is in a general position. For all calculations 
the neutron scattering amplitudes compiled by Bacon 
[7] were used. All independent positional and thermal 
parameters were refined, together with a scale factor 
and an isotropic extinction parameter [8] . The empiri-
cal weighting scheme w1 = [a(F bO) + 0.04 F' bj 2 was 
found_tqve, as required, no significant variation of 
wI (averaged over a small range of F 3 or O) with 
either F 3 or O: A, is -F,',, I, F 3 and F are 
:sct!veiy the ith cbrerved and calculated structure 
Emil :&-- 1,,, 
	 .-- 	EQ •..,., 	, 	.C_, Oi 	 .. - 
couzl~ 	stn stice stancr2d viation and the iragg 
,. yr 7- lo 	J7 	" 4 I'' "' - 	-- ' ._&._ -' -i -'g ©, WES 
The hi2 position is at the sold-point of the short 
03. .. 03' distance (- 2.5 A) - where 03 and O' are 
related by the centre of inversion at the 1H1 2 site (0, 4, 4). 
In the first refinement (above) 111 3 was found to have a 
markedly anisotropic thermal motion with the large 
Table 3. Cell dimensions (in A) and symmetry com-
pared. Z is the number of formula units in the cell 
DKDP[111 NaDP[15] CsDP[5] 	T1DP 
(... O3 -hi2 -hi2'-003 -hi2 -hi2'-O(O3 ...) 
runs along b. 
It is interesting to compare this work on OsOIP with 
what is known of the other members of the group of 
monoclinic dthydrogen phosphates (011(0?, NaDP and 
T1DIP). 
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The first to be investigated was the monoclinic form 
of IDKDP. It has been known since 1939 that a mono-
clinic form crystallises at high deuteration levels (x -* 1) 
in the KH2 1FO4—KD2PO4 system [10]. Much more 
recently it has been shown that a monoclinic form is 
also obtained on heating tetragonal KE[ 2 PO4 , DKDP and 
isomorphous compounds such as RbH2 F04 to - 400 K. 
The literature on this transition, some of it conflicting, 
is summarised in [I I] - and more extensively by 
Kennedy [12] . In the KH 2 PO4 -KD2 PO4 system the 
crystal structures of the high-deuteration (x 0.9) mono-
clinic phase [I I] (at room temperature) and the high-
temperature monodinic phase [13] have now been 
determined and are apparently the same. This mono-
clinic structure is not at all like that of the tetragonal 
phase - large relative atomic displacements (> 1 A) are 
needed to change from one structure to the other; and 
the arrangement of deuterium (hydrogen) bonds is 
quite different [11] . Also these bonds are all ordered, 
asymmetric - even the shortest, with an 0. . .0 dis-
tance of 2.455(6) A. Such a dramatic change of struc-
ture on deuteration is worthy of note insofar as it is 
generally assumed that the structural effects of deuter-
ation are very small. The symmetry change of the high-
temperature transition, monoclinic to tetragonal on 
cooling is unusual. The possible dynamics of this tran-
sition have been investigated by Blinc, Burgar, ëiikov, 
Levstik, Kadaba and Shuvalov [14] who proposed a 
microscopic mechanism in terms of a soft zone-
boundary mode in the monoclinic phase. 
NaDP has been of interest mainly because it con-
tains short asymmetric hydrogen bonds [15] - the 
;mallest 0.. .0 distance is 2.500(2) A. [Note, though, 
that this is significantly greater than the shortest in 
DKDP - see above.] In having all their hydrogen bonds 
Drdered (asymmetric), monoclinic Na]DP and DKDP are 
;imilar, though their structures are otherwise different. 
l'he similarity in the character of their hydrogen bonding 
s reflected in their infra-red spectra [16]. NaDP is alone 
imongst the monoclinic dihydrogen phosphates discussed 
iere in not yet having been shown to undergo any 
aructural phase transition. 
It may be noted that the three-dimensional linking 
of phosphate groups found in monoclinic DKDP [11] 
and NaDP [15, 18] is quite different from the sheet-like 
structure of CsDP described above. 
The most recently investigated member of this 
group of compounds is TIDP. Like CsDP, it has a phase 
transition with a strongly deuteration-dependent tran-
sition temperature: T  is 230 K for TIDP and 350 K for 
DT1DP [17] - suggesting that the hydrogen bonding 
plays an important role again. Furthermore, in the fea-
tures associated with hydrogen bonding, the Raman 
spectrum is very similar to that of tetragonal KDP [17]. 
Though there is a strong presumption that the low- 
temperature phase is ferroelectric this has yet to be 
confirmed. 
The cell dimensions and symmetry of all four com-
pounds are compared in Table 3. Our comparative study 
of their crystal structures started with a determination 
of the structure of monoclinic DKDP [111. Now, in 
addition to the study of CsDP reported here, we have 
recently complemented the X-ray diffraction work on 
NaDP at room temperature [15] with a full, three- 
dimensional neutron diffraction study which confirms 
the space group P2 1 Ic and gives more accurate H 
parameters [181. The T1HP (at room temperature) only 
cell dimensions and a space group have previously been 
reported: this was from a preliminary X-ray diffraction 
study [19]. We have now completed the collection of 
full three-dimensional X-ray and neutron diffraction 
data (at room temperature) which yielded the cell 
dimensions and space group given in Table 3. The 
neutron diffraction study has shown the previously 
reported space group [19] (C2/m) to be incorrect. The 
crystal structure of TIDP has now been solved and is 
currently being refined. 
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A NEUTRON DIFFRACTION STUDY OF THE 
STRUCTURE OF PbHPO4 IN ITS FERROELECTRC 
PHASE AT ROOM TEMPERATURE 
R LI. NELMES and R.. N. P. CHOUDHARY 
Department of Physics. University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, UK 
(Received September 18, 19 77) 
PbHPO 4 is believed to have a ferraelectric transition of the KDP-type. A neutron-diffraction structural study of the lerro-
electric phase at room temperature (about T - 20 K) shows partial onset of order in agreement with the observed half-
saturation of P, at this temperature. 
pbHPO 4  and its deuterated isomorph, PbDPO 4 , 
have recently been shown to be ferroelectric.' The 
space group of the ferroelectric phase is monoclinic 
Pc and the unit cell contains two formula units. 
These are particularly interesting materials because: 
the transition mechanism appears to be of the 
K1-1 2PO 4  type, involving ordering of the H (or t)) 
and hence a large isotope effect on 
with the small unit cell and the H (or D) bonds 
linking only along (one-dimensional) chains, they 
are the simplest known examples of such transitions; 
the transition is second-order and the spon-
taneous polarization saturates slowly over a range 
from T down to -(T - 80 K); 
the paraelectric phase appears to be centro-
symmetric (unlike KH,PO 4)* 
The transition temperatures for PbHPO 4 and 
PbDPO 4 are 310 K and 452 K respectively. At 
room temperature PbDP0 4 is below - 80 K) and 
so is fully ordered: the structure of PbDPO 4 at room 
temperature has been determined, by neutron 
diffraction. 3 On the other hand PbHPO 4 at room 
temperature is at -(7 - 20 K) and may be expected 
to show a structure not fully ordered. 
PbHPO 4 is difficult to grow to sufficient size and 
we are indebted to Dr. B. B?ezina of the Institute of 
Physics in Prague for kindly lending us several good 
single crystals grown by a specially developed gel 
technique.' Using one of these we have collected full 
three-dimensional neutron diffraction data out to 
sin OI = 0.77 A = 1.045 A) on a four-circle 
diffractometer at A.E.R.E., Harwell. The space  
group absences were carefully checked. After 
averaging over equivalents and removing reflections 
with I < a(I) the data set comprised 615 indepen-
dent reflections. 
Least-squares refinements, first assuming fully 
ordered H (site 1), showed that the relative dis-
placements of Pb and P (from sites on the diads in 
the assumed space group P2/c for the paraelectric 
phase) are only about half those reported for fully 
ordered PbDPO 4 . 3 Further refinements which al-
lowed partial occupation of a second H position (site 
2) in the 0 1 —H- . . O, bond—obtained by inverting 
site I through the mid-point of the O  - - . 03 , 
line—showed an improved fit statistically signifi-
cant at the 99.99% level. The final .R index was 
5.8%. 
Table I compares the displacement of P relative 
to Pb with fully ordered PbDPO 4 . 3 and gives the 
refined occupancies of the two H positions. It can be 
seen that both these measures suggest a degree of 
order halfway between complete disorder and a fully 
TABLE I 
(1) Displacements in the o-c plane of P relative to Pb: 
PbDP0 4 	 0.042(5) A 	0.15 1(5)A 
PbHPO 4 0.019(5) A 0.068(5) A 
(ii) Refined occupancies of the H positions: 
Site I 	 Site 2 
	
0.75(5) 0.25(5) 
Estimated standard deviations are given in brackets. 
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ordered structure. This is in accord with the obser-
vation' that the spontaneous polarization of PbHPO 4 
has reached only half its saturated value at room 
temperature. 
We conclude that PbHPO 4 and its isomorphs are 
attractive for a detailed study of the mechanism of 
the KDP-type transition. 
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again for making the crystals available and to the 
technical support staff of A.E.R.E. Harwell for their 
kind assistance. We are grateful to Dr. C. S. 
Brickenkamp who kindly sent us details of the 
PbDPO 4 studies prior to publication. We acknowl-
edge the support of the Science Research Council in  
making available the facilities at Harwell and of the 
University of Edinburgh in granting a Research 
Studentship to one of us (RNPC). 
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A STRUCTURAL STUDY OF CsH 2PO 4 IN THE 
PAELECTRIC PHASE 
R. N. P. CHOUDHARy and R. J. NELMES 
Department of Physics, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, UK 
(Received September 18, 1977) 
A single-crystal neutron-diffraction structural study has located the hydrogen atom positions in the paraelectric phase of CsH 2PO4  at room temperature. One of the two independent hydrogen atoms is found to be disordered. 
The crystal structure and ferroelectric behaviour of 
CsH2PO4 have been reported by several workers,' 
but hydrogen positions were not determined. In view 
of the role they apparently play in the phase 
transition,' we have now carried out a single-crystal 
neutron-diffraction structural study in the para-
electric phase at room temperature to locate the 
hydrogen atoms. The experiment was performed at 
A.E.R.E.. Harwell, on a Mk VI four-circle difYracto-
meter on the DIDO reactor, using a wavelength 2 = 
1.1803(2) A, and measuring out to sin 9/2 = 0.65 
A -1 . The reported symmetry' was confirmed as 
monoclinic, with space group B2 1/m. The pseudo-
orthorhombic unit cell contains four formula units 
and has cell dimensions' a = 4.8725(1) A, b = 
6.3689(l) f A, c = 15.0499(1) A,,6 = 90.219(5) 0 . 
The specimen of size 1.6 x 1.5 x 1.5 mm was cut 
from a single crystal kindly provided by Dr. A. 
Levstik, University of Ljubljana. 
The hydrogen atom positions were located from 
Fourier difference syntheses with starting values for 
the Cs, P and 0 parameters determined by us in an 
x-ray study. Two types of hydrogen sites were 
found: one (H 1 ) in a special position on the mirror 
plane and the other (H) in a general position with a 
site occupancy of 0.5. A full-matrix least-squares 
refinement was completed for positional and aniso-
tropic thermal parameters, together with a scale 
factor and an isotropic extinction correction. The 
final F index was 5.2%. 
The positional parameters at the end of refine-
ment are given in Table I. 
The hydrogen bonds 0 3 —H 3 . . . 0, in the mirror 
planes link PO 4  groups into chains along the a-axis. 
These chains are then cross-linked to similar parallel 
chains by 0 3—H 2—H 2-0 3 bonds, which have a 
TABLE I 
Refined positional parameters (fractional coordinates) 
Atom 
Site 
Symmetry x y 
Cs m 0.0965(6) 3 0.1330(2) 
P m 0.5899(5) 3 0.1187(2) 
0, m 0.8090(6) 3 0.1955(2) 
02 m 0.3152(6) 3 0.1613(2) 
03 1 0.6455(6) 0.5530(4) 0.0634(2) 
H, m 0.495(1) 3 0.3226(3) 
H 2 1 0.970(4) 0.494(5) 0.487(1) 
Numbers in parentheses are the estimated standard deviations. 
centre of symmetry at their mid-points; the H 2—H2 
distance is 0.49(3) A. This disordered hydrogen 
bond is of particular interest in relation to the ferrc>-
electric phase transition. In view of the large isotope 
effect on T., 4  it seems probable that the transition 
involves an ordering of the H. atoms. 
Very recently, strongly structured quasielastic 
scattering in the paraelectric phase of CsD 2 PO4 
(DCsDP) has been investigated and found to be 
typical of 8 one-dimensional system with chain-like 
ordering along a direction corresponding to the b-axis 
here. 5  Our structural results are in full agreement 
with the structure surmised' from these observa-
tions: the hydrogen bonding (above) links phos-
phate groups into ab sheets which are not bonded to 
adjacent sheets along c, and the sequence of dis-
ordered hydrogen bonds 
(...O3HHf_oP_o3_H2_H 2 o 3 _o 3_H 2_H 2_..) 
runs along b. 
Following up this study of quasielastic scattering. 
D. Semmingsen and R. Thomas (private communi- 
443 
444 	 R. N. P. CHOtJDHARY AND R. J. NELMES 
cation) have since completed the collection of full 
three-dimensional single-crystal neutron-diffraction 
data for the paraelectric and ferroelectric phases of 
both CsDP and DCsDP. We thus plan no further 
study of the CsDP/DCsDP system—except a high-
resolution x-ray diffraction experiment recently 
completed to investigate the high thermal motion 
(perpendicular to the mirror plane) shown by the 
oxygen atoms with site-symmetry tn. 
We would like to thank Dr. A. Levstik for 
providing the single crystal, and the technical 
support staff of A.E.R.E., Harwell, particularly Mr. 
G. G. Proudfoot and Mr. R. Gillespie, for their kind 
assistance. We are grateful to the Science Research 
Council for the allocation of facilities at Harwell, 
and to Edinburgh University for the support of a 
Research Studentship for one of us (RNPC). 
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13.3-10 THE STRUCTURE OF PARAELECTRIC TiH 2PO4 . 
R.N.P. Choudhary and R.J. Nelmes, Department of Physics, 
University of Edinburgh, Edinburgh U.K. 
The crystal structure of TiH2PO4 at room temperature has been 
determined as part of our programme of structural studies of the 
monoclinic dihydrogen phosphates XH2PO4 (X = Ti, Cs, Na; and deuterated 
KH 2PO4). Like CsH2PO4 , TiH2PO4 has been shown to undergo a structural 
phase transition at a temperature, T, which is strongly dependent 
on deuteration: T(H) = 2300K and T(D) = 3500K [vignalou et al., Vth 
International Conference on Raman Spectroscopy, Freiburg, 1976]. This 
and other evidence suggest that TiH 2PO4 has a ferroelectric transition 
of the KDP-type in which the protons play an important role. We first 
carried out an X-ray experiment, in which the cell dimensions were 
measured as a = 14,308(1)., b = 4.516(1)L c = 6.518(1) and 	= 91,76(1) 0 . 
This cell contains four formula units. The Ti dominates the X-ray 
scattering and has a C2/m pseudosyminetry. This made it simple to find 
the Ti and P positions in Patterson maps computed from full three-
dimensional X-ray data, collected with MOM from a single crystal at 
room temperature on our Enraf-Nonius CAD-4 diffractotneter. The oxygens 
were then located in Fourier difference-synthesis. For the accurate 
location of hydrogen atoms we have now carried out a single-crystal 
neutron-diffraction experiment on the MKVI four-cirlce diffractometer 
at A.E.R.E. Harwell. The systematic absences showed the true space 
group to be P2 1 /a. Full three-dimensional data were collected, and the 
hydrogens were located in Fourier difference-syntheses. Two of the 
independent hydrogens (designated H 1 and H 2 
 ) were found on special 
positions at a centre of inversion (1) and the other (designated H 3) in 
a general position. This structure will be described and discussed - 
with particular reference to order/disorder of H 1 and H2. 
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